CHARACTERIZATION OF STEROID-17,20-DESMOLASE AND 20α-HYDROXYSTEROID DEHYDROGENASE FROM CLOSTRIDIUM SCINDENS by Krafft, Amy Elizabeth
Virginia Commonwealth University 
VCU Scholars Compass 
Theses and Dissertations Graduate School 
1989 
CHARACTERIZATION OF STEROID-17,20-DESMOLASE AND 20α-
HYDROXYSTEROID DEHYDROGENASE FROM CLOSTRIDIUM 
SCINDENS 
Amy Elizabeth Krafft 
Follow this and additional works at: https://scholarscompass.vcu.edu/etd 
 Part of the Microbiology Commons 
 
© The Author 
Downloaded from 
https://scholarscompass.vcu.edu/etd/4980 
This Dissertation is brought to you for free and open access by the Graduate School at VCU Scholars Compass. It 
has been accepted for inclusion in Theses and Dissertations by an authorized administrator of VCU Scholars 
Compass. For more information, please contact libcompass@vcu.edu. 
School of Basic Health Sciences 
Virginia Commonwealth University 
This is to certify that the thesis or dissertation 
prepared by Amy Elizabeth Krafft entitled "The 
Characterization of steroid-17,20-Desmolase and 20«­
Hydroxysteroid Dehydrogenase from Clostridium scindens" 
has been approved by her committee as satisfactory 
completion of the thesis or dissertation requirement for 
the degree of Doctor of Philosophy. 
CHARACTERIZATION OF STEROID-17,20-DESMOLASE 
AND 20a-HYDROTfSTEROID DEff DROGENASE 
FROM CLOSTRIDITJM SCINDENS 
A thesis submitted in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy 
at Virginia Commonwealth University 
By 
Amy Elizabeth Krafft 
B.S., Mary Washington College, 1977 
Director: Dr. Phillip B. Hylemon, Professor, 
Department of Microbiology and Immunology 
Virginia Commonwealth University 
Richmond, Virginia 
May, 1989 
Acknowledgements 
I wish to thank Dr . Phillip Hylemon for all of the support 
he has given me during my graduate training . I also would like 
to thank my committee members for their guidance: Drs . Francis 
Macrina, Darrell Peterson, Thomas Huff, and Charles Schwartz . 
My experience in the lab has been enjoyable because of the 
congeniality and assistance of Emily Gurley, Pam Melone, Elaine 
Studer, Leeanne Rainer, Pat Bowdin, Rashme Srvistava-Gopal, 
Clifton Franklund, Darrell Malone, Chip Coleman, Irving Roberts 
and Justin Cook . 
ii 
iii 
Table of Contents 
Page 
List of Tables • • • • . • • • • • • • • • • • • • • . . • • . • • . . . • • • • • . . . . • • • . . • • • •  vii 
List of Figures • . . . . . . • . . . • . . . . . . . . . • • • • • • • • • • . . . • • • • . • . • •. • .  viii 
List of Abbreviations . • • • . . . . . . • . . . . . . . • • • • • • • • • • • • . • • • • • • • • • . .  x 
Abstract . . . . • • . • • • . • • . • • . • . • . • . • • • • . • • • • . . • • . . • . • • • • • • . • • • . • • xi i 
I .  INTRODUCTION 
A .  structure and Nomenclature of Neutral steroid 
Hormones . . • • • • • • . . • . • • • • . • . • . • • . . . • • • • . • • . . . • • • . . . • . . •  1 
B .  Chemical Properties of Neutral steroid Hormones • . . • • . •  8 
C .  Biosynthesis of Androgens in Human Testis • • • • • . • . • • . • •  8 
D .  Regulation of Androgen Biosynthesis in the 
Testis • . • • • • . • • • • . • . • • . . • • . . . . . . . • . . . . • • • • . . . . • • • . . • •  11 
E.  Biological Action of Androgens • • • . • • • . . • . . . • • . • . • • • • .  15 
F .  Mechanism of steroid Action at the Subcellular 
Level • • • • . . . . . • • . . . . • • • • • . • . • • • • • • . . . . . . • • . . . . . • • . • • •  17 
G .  steroid catabolism and Urinary Excretion • • • • . • . • • • • • •  18 
H .  Neutral steroid Hormones in Human Bile 
and Feces . • . . . . . . . . . . . . . . . • . . • • • • • • • . . . . • • • • • • . • . • • • .  19 
I .  Microbiology of the Human Intestinal Tract • . . • • • • . . • .  2l 
J .  Metabolism of Neutral steroid Hormones 
by Human Intestinal Bacteria . . . . . . . . • . . . . • • . . . . . • . . . .  22 
K .  Desmolases and 20a-Hydroxysteroid Dehydrogenases 
in Prokaryotes and Eukaryotes . . . . • . . . . . . . • • . . . . . . . . • •  23 
STATEMENT OF PROBLEM AND OBJECTIVE . • • • • • • • • • • . • • . . • . • • . • • . . . • .  3 2  
II . PARI'IAL PURIFICATION AND CHARACTERIZATION OF 
STEROID-17,20-DESMOLASE FROM CLOSTRIDIUM SCINDENS 
MATERIALS AND· METHODS 
A .  Source and CUltivation of Clostridium scindens • • • • . • •  33 
B .  Assays for Desmolase Activity . . • • . • • • • • • • • . . . • • • . • • • .  33 
C .  Extraction of Steroids • • • • . . . . . . . . • • . • . • • • • • • . . • • • . . .  34 
D .  Separation and Quantitation of Substrates 
and Products . • • . . . • • • • • • • • • • • • . . . • • . • • • • • • . . . . • • • • . . •  35 
E .  Solvent Systems • . • • • • • • . • • • . • • • • • • • • • • • • . . . . • . • • . • . . •  35 
F .  Partial Purification o f  Desmolase 
RESULTS 
1 .  Buffers . • . • • • • • • • • • • • • • • • • • • • • • • • . . . . . . • • • • • . • • • •  35 
2 .  Preparation o f  cell extracts . • • . • • • • • • • . . • . • • • . . •  36 
3 .  DEAE-cellulose column chromatography . . • • . • . . . • . • •  36 
4 .  Protein determination . . . • . • . . • • • • • • . . . . . . • • • • • . . .  37 
A .  Identification o f  20a-HSDH and Desmolase 
Reaction Products . . . • . • . • . • . . • • • . . . • . . • • • • • • . • • . • • . • .  38 
B .  Cofactor Requirements o f  Desmolase 
in Cell Extracts • • . • • • • • • • . • • • • • • • • • • • . . . . • • • • • • • . • • •  38 
C .  Induction and steroid Substrate specificity 
of Desmolase and 20a-HSDH in Cell Extracts • • . . • . • • • • .  40 
D .  Partial Purification o f  Desmolase . . • • • • • . . • . . . . • . . . . •  43 
E .  Cofactor Requirements for Desmolase in 
Partially Purified Fractions • • • • • • • • • • . . . . . . . . . . . . . • .  45 
F .  Effect o f  Temperature and Atmosphere 
on Enzyme Assays • • • • • • • • • • • • • • • • • • • • • • • • • • • . . • • • • • . . .  45 
DISCUSSION • • . . . . . . . . . . . • • • . • • • • • . . • • • • • • • • • . • • • . . . . . . . • . . . . . • .  50 
iv 
III. PURIFICATION AND CHARACTERIZATION OF 
20a-HYDROXYSTEROID DEHYDROGENASE FROM 
CLOSTRIDIUM SCINDENS 
MATERIAIS AND METHODS 
A .  Growth and Harvest of�. scindens • . . • • • • • . . . . • • . . • . •  65 
B .  Enzyme Assays 
1. Reverse phase HPLC assay for 20a-HSDH • • • . . • . • • • •  65 
2. Spectrophotometric assay for 20a-HSDH . • • • • • . •  " . • •  66 
C .  Purification of 20a-HSDH 
1. Buffers . . . . . • . • . . . . • • • • . • • • • • • • • . . • . • . • • • . • . . . • .  67 
2. Preparation of Cell Extracts • • • • • • • • . • . . • • • . . . • •  69 
3 .  DEAE-cellulose batch . . . • • . . . . . . • . • • • . . . . . . • . . . . .  69 
4 .  DEAE-cellulose column chromatography . • • • . . . . • • • .  69 
5 .  Cibacron blue affinity chromatography • • • • . . . • • • .  70 
6 .  Gel filtration HPLC • . • . • • • • . • • • . • • . • . . . . . • • • . • • •  70 
7 .  DEAE HPLC • . • . • • . • • • • • • • • . • • . . . • • . • . . • • • • . • . • • • . .  70 
8 .  Protein determination . • • . • • . . • • . . . • • • • • . . • . • • • . .  71 
D. Polyacrylamide Gel Electrophoresis 
1. SDS-PAGE . . . • . . . . . . . . . . . . • • • • • . • • • • • . . . . • • • • • . • . •  71 
2 .  Non-denaturing PAGE . . . • . • . • • • . . • . . . . • • . . . • . • • • . .  7 1  
E .  Chemicals • • . • . . . • . . . . . . . . . . . • . • • • • . • . . . . . . . . • . • . • . . .  72 
RESULTS 
A. Purification of 20a-HSDH . . . . • . . • • • • • • • . . . • . . • • • • . • . •  73 
B .  Molecular Weight Determination • • • • • • • • • . • • • • • . . . • • • .  75 
C. Stability of 20a-HSDH Activity • • • • • • • • • • • • • • • • • . • • . •  75 
D. pH optimum . . . • • . . • • • • • . • • . • • . • . . • • • . . . . • . • • . . . . . . . . .  79 
E. Steroid Substrate Specificity 
of Purified 20a-HSDH . . . . . • . . . . . . . . . . . • • . . . . • • . . . . • . .  79 
F .  Kinetic Parameters and Pyridine Nucleotide 
Specificity • . . . . . . . . . . . . . • • • • . . • . • • • • • • • • • • • . . . . . • . •  8 1  
DISCUSSION • • • • • • • • • . . . . . . . . . . . . . • . • • . • . . . . • • . . . • . . • . . • . . . . . • •  85 
v 
IV. FuRTHER BIOCHEMICAL CHARACTERIZATION OF 20a-HSDH 
FROM CLOSTRIDIUM SCINDENS 
MATERIAIS AND METHODS 
A .  Polypeptide Sequencing and Amino Acid 
Sequence Analysis • • • . • • • • • • • • • • • • . • • • • . • • • • . . . • • • • . .  88 
B .  Glyceraldehyde-3-phosphate Dehydrogenase Assay . • . . . .  8 9  
C .  Two-Dimensional PAGE . • . . . . . • • . . . . • • . • • • . . • • . • • . • . . . .  89 
D .  Preparation of Polyclonal Antibodies 
and western Blot Analysis . . . • • • • • • • • • • • • . . . • • • • . • • • .  89 
E .  Oligonucleotide Probe Synthesis • . . . • . • • • . • . • . . • • • . . •  90 
F .  Labelling of Oligonucleotides • • • • • • • • • . . . . . • • • . . • • . • 9 1 
G .  Southern Blotting • . . • • • • • • • • • . • • . . • . • • . • • • . . . . • • . . . •  9 1 
H .  Preparation of Q.. scindens Library 
in Lambda gtll . . . . . . . . . • . • . . . . . . • • . • • • • . . . . . . • • . . . . .  92 
I .  Lambda gt11 Plaque Hybridizations • . . • . . . • • . . . • . • . . . . 92 
RESULTS 
A .  N-terminal Sequence Analysis • • . . . • • . . • • • . • • . . • . • • . . .  94 
B .  Amino Acid Composition • • • • • • • . . • . . • . . • • • • • • • . • • • • . . •  94 
C .  Two-Dimensional PAGE . • . . • . • • • • • • • • • • . . . . . • • • • . . . • • . .  94 
D .  western Blot Analysis of Cortisol Induced 
and Un induced � .  scindens Cell Extracts . . • • • • . . . • • • .  99 
E .  Southern Blot Analysis of EcoRI Digests of 
Q.. scindens and Eubacterium 12708 Genomic DNA . . . . . .  102 
F .  Screening of Lambda gt 11 Library . • • • • . • • • . • • • • • • • .  l02 
DISCUSSION • • • • . . . • . . . . . . . . . . . . . . . . • • • . . • . . • • • • • • • • . . . . . . . • • .  107 
LITERATURE CITED . . . . . . . . • . . . . . • . . . . . . • . . . . • . . . . . • • • • • . . . . . . . 112 
vita . . . . . . . • . • • . . . • . . . . . . . . . . . . . . . • . • . . . . • . • . • • . . . . . . . • • . . . .  130 
vi 
2 . 1  
2 . 2  
2 . 3  
2. 4  
2 . 5  
2 . 6  
2 . 7 
3 . 1  
3 . 2  
3 . 3  
4 . 1 
4. 2 
List of Tables 
Effect of pyridine nucleotides and 
divalent metal cations on desmolase 
and 20a-HSDH activities in cell extracts • • . . . . • • . . .  39 
Induction specificity of 20a-HSDH and 
desmolase activities in� . scindens with 
cortisol as substrate . • • • • . • . • . • • • • • • . . • . • • . . . • • • . .  41 
steroid substrate specificity of desmolase 
and 20a-HSDH activities in cell extracts . . . • . • . . . • .  42 
Effect of cofactors on desmolase activity 
in partially purified fractions • • • • • • • . . . • • . . . . • . . .  46 
Effect of metals on desmolase activity 
in partially purified fractions • • • • . . . • . • • • . . . • • . . •  47 
Effect of temperature and atmosphere 
on desmolase activity in partially purified 
fractions . . . . . . . . . . . . . . . . • • • • • • • . • . . . . • • • . . • . • • . . . .  49 
B12-dependent enzymes . • • • • • • • • • • • • • • . . • • • • . . • • • . . . • 57 
Summary of purification of 20a-HSDH • . . • . • . . . . . . • . . • 74 
steroid substrate specificity of 
purified 20a-HSDH from� . scindens • • • • . . . • . . • . . • . . •  80 
Kinetic constants for purified 20a-HSDH . . . • • • . . . . • .  82 
Comparison of the N-terminal amino acid 
sequence of � .  scindens 20a-HSDH with 
glyceraldehyde-3-phosphate dehydrogenases . • . . . . . • . .  95 
Amino acid composition of 20a-HSDH 
from .Q.... scindens • . • • • • • . • • . . • • • . . . • • • • • • . . . . . . • . . . .  96 
vii 
1 . 1  
1 . 2  
1 . 3  
1 . 4  
1 . 5  
1 . 6  
1 . 7 
1 . 8  
2.1 
2 . 2  
2 . 3  
2. 4 
viii 
List of Figures 
The steroid numbering system and 
stereochemistry at C-20 • • • • • • • • • • . • • . . • • • • • • • . . . • • • . .  2 
Chair and boat forms of cyclohexane rings 
and half-chair and open-envelope forms of 
cyclopentane rings • . • . • • . . • • . . • • • . • • • • • • . • . . . . • . . . . • •  4 
Parent hydrocarbons etiocholane (A/B cis) 
and androstane (AlB trans) • • • . • • • . . • • . • • • • . . . . • • • • • . .  5 
Schematic diagram of 4-ene and 5-ene 
pathways for testosterone biosynthesis 
in the testis • • • . • • • • • • • • • • • • • • • • . • • • • • . • • . . . • . . • • . .  10 
Mechanism of action of tropic hormones 
in regulation of testosterone biosynthesis • . • . . • . • . •  14 
Desmolase and 20a-HSDH activities 
in C. scindens • . . . . . . • • • • • • • • • • • • . • • • • . . . • • • • . . . . . • • 25 
Pathways of progesterone metabolism to C19 
steroids in microorganisms . . . • . . • • • • • • • • • • . . • . • • . . • •  27 
Mechanism of side-chain cleavage 
in manunal ian tissues . . • . • . • • • • • • • • • • • • • • . • . . • • • • • . . • 29 
separation of 20a-HSDH and desmolase 
by DEAE-celulose chromatography • • • • • • • • • • • • • . • . . . • • •  44 
Effect of atmosphere on desmolase 
and 20a-HSDH activities in cell extracts . . • • • . . . . . • • 48 
structure of coenzyme B12 • • • . • • • • . • • . . • • • • • • • . . . . . . • 54 
Generalized stoichiometry for adenosyl-
cobamide mediated carbon skeletal 
rearrangements • • • • • • • • • . . • • • • • • • • • • • • . . . . . . . . • • • • • • .  59 
2 . 5  Proposed sequence of the final steps 
in coenzyme B12 biosynthesis • • • • • • • • • . . . • • • • • . . . . • . • 62 
3 . 1  Linearity with time and protein • • • • • • • • . • • • • • • • • • . • •  68 
3 . 2  Protein profile of 20a-HSDH purification 
analyzed by gradient (10-20%) SOS-PAGE • . • • . • • • • • . . • •  76 
3 . 3  Molecular weight estimate of 20a-HSDH 
analyzed by exponential (7-30%) non-denaturing 
pore gradient electrophoresis • • • • . • • . . • • • • • • • . • • • • • .  78 
3 . 4  Determination o f  the apparent Km-value 
for NADH . • . . . . . . • • . • . . . . . . • . . . • • . • • • • • • • . . . . • • • • . . . •  84 
4 . 1  Coomassie blue stained two-dimensional 
PAGE of purified 20a-HSDH • • • . . • • • . • • . . • . • • . . • • • . • • • .  97 
4 . 2  Western blot of SOS-PAGE separated proteins 
in cortisol induced and uninduced 
cell extracts from� . scindens 
using anti-20a-HSDH IgG • • • • • . . . • • • • • • • • • • • . • . • • • . • •  100 
4 . 3  N-terminal amino acid sequence and 
corresponding synthetic oligonucleotide 
probes (17-mers) based on amino acids 
3-8 of 20a-HSDH . • . • • • . . • • . . . • • • • • • . • • • • . . . • . • • • . . . •  103 
4. 4  Southern blot analysis of EcoRl digests 
of Eubacterium V .  P .  I. 12708 and C .  scindens 
genomic DNA hybridized with probe # 2 • • . . • • . • • • . . • •  104 
4. 5 Synthetic oligonucleotide probe 
(23-mer) to conserved region of the 
bile acid-inducible 27K polypeptide 
from Eubacterium V .  P .  1. 12708 • • • • . • . . • • • • . • . . • • • •  106 
ix 
List of Abbreviations 
Desmolase: steroid 17,20-desmolase; 
20a-HSDH: 20a-hydroxysteroid dehydrogenase; 
HSDH: hydroxysteroid dehydrogenase; 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; 
HMG-CoA: hydroxymethylglutaryl-coenzyme A; 
C21 steroids 
cortisone: 17a,21-dihydroxy-4-pregnene-3, 11, 20-trione; 
11-desoxycortisol: cortexolone: 17a,21-dihydroxy-4-pregnene-
3,20-dione; 
cortisol: 11�,17a,21-trihydroxy-4-pregnene-3,20-dione; 
20a-dihydrocortisol: 11�,17a,20a,21-tetrahydroxy-4-pregnene-3-
one; 
dihydrocortisol: 5�-pregnan-11�,17a,21-triol-3,20-dione; 
corticosterone: 11�,21-dihydroxy-4-pregnene-3,20-dione; 
cortisol-21-phosphate: lIP, 17a-dihydroxy-4-pregnene-3, 20-
dione 21-phosphate; 
cortisol acetate: 4-pregnen-11�,17a,21-triol-3,20-dione 21-
acetate; 
deoxycorticosterone: 21-hydroxy-4-pregnene-3,20-dione; 
progesterone: 4-pregnene-3, 20-dione; 
20a-dihydroprogesterone: 20a-hydroxy-4-pregnen-3-one; 
17a-hydroxyprogesterone: 17a-hydroxy-4-pregnene-3,20-dione; 
pregnenolone: 3�-hydroxy-5-pregnen-20-one; 
x 
17a-hydroxypregnenolone: 3�,17a-dihydroxy-5-pregnen-20-one; 
testosterone acetate: 17�-acetoxyandrost-4-en-3-one; 
C19 Steroids 
11�-hydroxyandrostenedione: 11�-hydroxyandrost-4-ene-3,17-
dione; 
andrenosterone: androst-4-ene-3, 11, 17-trione; 
5a-dihydrotestosterone: 17�-hydroxy-5a-androstan-3-one; 
4-androstane-11�-ol-3,17-dione; 
dehydroepiandrosterone: 3�-hydroxy-5-androsten-17-one; 
5-androstenediol: 5-androsten-3�,17�-diol; 
testosterone: 17�-hydroxy-4-androsten-3-one; 
4-androstenedione: 4-androsten-3,17-dione; 
testololactone: 17a-oxa-androst-4-ene-3,17-dione; 
Miscellaneous 
cholesterol: cholest-5-en-3�-ol; 
estradiol-17�: 1,3,5 (lO)-estratrien-3,17�-diol; 
estrone: 3-hydroxy-1,3,5 (lO)-estratrien-17-one; 
HPLC: high performance liquid chromatography; 
SOS-PAGE: sodium dodecyl sulfate polyacrylamide gel 
electrophoresis; 
NAD & NADH: oxidized and reduced pyridine dinucleotide; 
NADP & NADPH: oxidized and reduced pyridine dinucleotide 
phosphate; 
MES: 4-morpholinethansulfonsaure; 
MOPS: (3- [N-morpholino]propane-sulfonic acid); 
CHES: (2- [N-cyclohexylamino]ethane-sulfonic acid; 
PMSF: phenylmethlysulfonyl fluoride; 
EDTA: ethylenediaminetetracetic acid 
xi 
CHARACTERIZATION OF STEROID-17,20-DESMOLASE 
AND 20a-HYDROXYSTEROID DEHYDROGENASE 
FROM CLOSTRIDIUM SCINDENS 
ABSTRACT 
A thesis submitted in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy 
at Virginia Commonwealth University 
Amy Elizabeth Krafft 
Virginia Commonwealth University 
Advisor: Dr. Phillip B. Hylemon 
Clostridium scindens is an ob1igate anaerobe isolated from 
the normal intestinal flora of man. It is the only bacterium 
known at present to synthesize both steroid-17,20-desmolase and 
20a-hydroxysteroid dehydrogenase (20a-HSDH). This study was 
undertaken to characterize these neutral steroid transforming 
reactions in extracts of �. scindens; to purify and characterize 
the enzymes responsible for side-chain cleavage and 20a-
hydroxysteroid oxidoreduction and to clone the genes encoding 
these enzymes with a view towards studying the mechanism of 
induction by steroids in a prokaryotic system. Both enzymes 
were found to be co-inducible in cells cultured in the presence 
of 17a-hydroxysteroids. In cell extracts, only 17a,21-
dihydroxysteroids served as substrates for both activities. 
Desmolase has been partially purified by conventional DEAE-
cellulose chromatography. Although the desmolase reaction was 
stimulated by NAD+ and bivalent metal cations in cell extracts, 
the partially purified enzyme was only reactive with coenzyme 
B12. The observed difference in cofactor requirements in crude 
cell extracts and partially purified preparations is not 
xiii 
understood at present. 20a-HSDH has been purified 252-fold to 
apparent homogeneity by a method involving ammonium sulfate 
fractionation, conventional DEAE-cellulose chromatography, 
elution from Cibacron blue agarose, gel filtration HPLC and DEAE 
HPLC. The pH optimum for reduction of the 20-ketone of cortisol 
with NADH is between pH 6-6. 5. The pH optimum for oxidation of 
the 20a-hydroxyl of 20a-dihydrocortisol with NAD+ is approx. pH 
8. Michaelis constants were determined: Km for NADH (8 J..CM); 
cortisol (32 J..CM); cortisone (22J..CM); NAD+ (526J..CM); 20a-dihydro­
cortisol (41 J..CM). The native enzyme is apparently a tetramer 
comprised of subunits with a Mr 40,000 . Although two bands with 
a slightly different charge (pI approx. 6. 1) were observed on 
two-dimensional PAGE, a single N-terminus was obtained by gas 
phase sequencing. A computer aided search (FASP) showed that 
the partial amino acid sequence (1-11) was highly homologous 
with glyceraldehyde-3-phosphate dehydrogenases (GAPDH) isolated 
from a variety of sources . Residues 4-8 of GAPDH are involved 
in binding of the pyridine nucleotide cofactor. On Western 
blots of cortisol induced and uninduced cell extracts, two bands 
differing in size by approximately 2000 daltons were observed. 
The presence of immunoreactive proteins with the same molecular 
weight as the purified 20a-HSDH in uninduced cell extracts may 
be due to cross-reactivity with constitutive GAPDH (Mr, 3 9,000). 
Using a 3 2p-Iabelled oligonucleotide probe corresponding to 
amino acids 3-8, two discrete bands were seen on Southern blots 
of EcoR1 digests of � .  scindens genomic DNA. Efforts to clone 
these fragments in lambda gt11 were unsuccessful . 
INTRODUCTION 
A. structure and Nomenclature of Neutral Steroid Hormones 
The steroids are a large class of lipids characterized by a 
four ring cyclic hydrocarbon core . In naming steroids, a few 
simple rules and conventions have been adopted to describe the 
structure of closely related compounds with greatly different 
biological and physiochemical properties . See the International 
Union of Pure and Applied Chemistry - International Union of 
Biochemistry (IUPAC - IUB) 1967 revised tentative rules for 
steroid nomenclature (75) . The basic structure of all steroids 
is the perhydrocyclopentanphenanthrene ring system, the rings 
being identified by the letters A, B, C, and D .  The 
conventional numbering of the twenty-one carbon atoms is 
indicated in Fig . 1 . 1 .  Positions 18 and 19 are usually occupied 
by angular methyl groups attached to the steroid nucleus at C-13 
and C-10, respectively . The side-chain (C-20 and C-21) of all 
naturally occurring steroids in the sex hormone and 
adrenocortical hormone series is attached to C-17 in the �­
configuration . 
The stereochemistry (three-dimensional arrangement of 
atoms) of steroid molecules is quite different from the usual 
planar representation given on paper . saturated carbon has its 
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Fig 1. 1. The steroid numbering system and stereochemistry at 
C-2 0 .  
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electrons in an sp3 orbital which forms an angle of 109-110 
between each pair of carbon-carbon bonds . Because of carbon 
bond rotations , various a=angements in space are possible for 
simple and substituted 6-membered ( cyclohexane) and 5-membered 
( cyclopentane) rings . Typically, the 6-membered ring prefers to 
assume a staggered a=angement of atoms where alternate carbons 
are in parallel planes . This geometry is refe=ed to the 
' chair ' conformation (Fig .  1 . 2a ) . Under special conditions ,  the 
atoms can be rea=anged without breaking any bonds to give the 
high-energy ' boat ' form ( Fig . 1 . 2b) : however,  this is an 
unstable situation because certain hydrogen atoms are brought 
into too close proximity ( 3 4 ) . cyclopentane rings can assume 
various geometrical shapes such as a half-chair ( Fig . 1 . 2c)  or 
open-envelope ( Fig. 1 . 2d) conformation , depending on the 
substituent groups attached to ring D ( 2 2 , 3 2 ) . 
The ring system of natural steroids commonly occurs in two 
different ways , depending on how rings A and B are fused to each 
other at C-5 and C-10 . The angular methyl groups at C-18 and C-
19 serve arbitrarily as the reference groups for assigning 
stereochemical configurations . By convention , the methyl groups 
proj ect above the plane of the ring system ( and the paper) and 
are connected to the nucleus in the �-configuration . 
Substituents in the �-configuration are connected by a solid 
line and are cis to the angular methyl groups . In Fig . 1 . 3a ,  
the structure i s  the 5�-cis-configuration (Al B ring j unction is 
cis). In the 5a-isomer ( Fig . 1 . 3b)  rings A and B are trans 
because the substituents at C-5 and C-10 are on opposite sides 
3 
Fig . 1 .  2 .  Chair and boat forms of cyclohexane rings and half­
chair and open-envelope forms of cyclopentane rings . 
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Fig . 1.3. Parent hydrocarbons etiocholane (AlB 9JJil and 
androstane (A/B�. 
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of the steroid plane . a-Bonds are drawn as dashed lines . 
In AB trans compounds , the rings lie in about the same plane , 
whereas the AB cis compounds present a different steric picture 
compounds , the rings lie in about the same plane , whereas the AB 
cis compounds present a different steric picture (139). S imilar 
inversions can take place at other ring j unction (B:C; C:D) but 
in natural steroids , ring j unctions are trans in almost all 
cases (139). 
The terms a and p also describe the steroid side chain 
attached to C-17. In a C21 steroid, C-20 is not a ring carbon , 
so the sequence rule or RS procedure from organic chemistry (76) 
is used to specify the stereochemistry (Fig .  1). 
In the early years of steroid chemistry (1930-1960) when 
the number of steroids known was relatively small , a confusing 
system of nomenclature arose largely due to the use of two 
independent lettering systems by Reichstein ( Zurich and Basle) 
and Kendall ( Mayo Clinic) , the discoverers of 29 glucocorticoids 
and mineralcorticoids . Review of the early relevant literature 
for this text required a familiarity with the original 
designations for the following compounds : corticosterone 
(Kendall ' s  compound "B", Reichstein ' s  substance "H") ; cortisol 
(Kendall ' s  compound "F", Reichstein ' s  substance "Mil); cortisone 
(Kendall ' s  compound "E"; Reichstein ' s  substance "Fa") ; and 11-
deoxycortisol (Reichstein ' s  substance "S") . These designations 
have been since replaced by a more orderly nomenclature system. 
At least three types of steroid names are in common usage . The 
trivial names , e . g .  androgen (Greek andros , man and gennas ,  
6 
produce) are usually related to a physiological role inferred 
for the molecules. A second type of trivial name is derived by 
designating a modification (addition or removal of a substituent 
group) at a certain position on the parent compound which has a 
definite trivial name, e. g. 11-deoxycortisol is cortisol minus 
the hydroxyl group at C-11. The systematic name rigidly defines 
a compound by designating the parent hydrocarbon, the kind of 
change, the place of change and the stereoisomerism involved. A 
list of permitted trivial names together with corresponding 
systematic names of steroids mentioned in the text is given in 
List of Abbreviations. The systematic names of androgens are 
derived from those of the hydrocarbons etiocholane (Greek aitio­
, fundamental), or Sp-androstane, in which the AlB ring junction 
is cis, and androstane (AlB trans) (Fig 1. 3) (63). 
Nuclear modifications also require designation. The 
presence of a double bond is indicated in the spelling of the 
hydrocarbon. The term androstane represents the fully saturated 
hydrocarbon. The presence of one double bond changes the suffix 
"ane" to "ene". A number designation is given to indicate the 
position of the double bond ( e. g. "4-ene" indicates that the 
double bond is between carbon atoms 4 and S). An older form of 
designation for double bonds, commonly found in the literature, 
is the use of the symbol delta Il, followed by the first carbon 
number involved. 
other conventions include the prefixes: "deoxy," 
indicating replacement of a hydroxyl group by a hydrogen atom; 
"dihydro," indicating addition of two hydrogen atoms to a double 
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bond; "dehydro," indicating the loss of two hydrogen atoms; 
"desoxy," indicating the absence of oxygen. 
B. Chemical Properties of Neutral Steroid Hormones 
Neutral steroid hormones are polyfunctional due to various 
functional groups attached to the steroid nucleus. The carbon 
skeletons of the steroids can be substituted with practically 
all of the groups known to the organic chemist (139). However, 
naturally occurring steroids contain only a few types of 
functional groups. The common functional groups include carbon­
carbon double bonds, hydroxyl groups, and carbonyl (ketone and 
aldehyde) groups. The position, number and structure of these 
groups are ultimately important in determining biological 
function and have been identified by numerous chemical and 
physical methods (62). The ketone conjugated with a double bond 
(4-en-3-one) is an ultraviolet absorbing chromophore with an 
Amax approx. 240 nm, which is the basis of detection of steroid 
transformations by the reverse phase-HPLC assay used in this 
study. Neutral steroid hormones have at least two active 
centers and may undergo oxidative or reductive changes leading 
to a variety of products. The development of gas liquid 
chromatography (GLC) and mass spectrometry (MS) has contributed 
significantly to the separation, identification and quantitative 
analysis of steroids in biological fluids. 
C. Biosynthesis of Androgens in Human Testis 
During the past three decades, numerous studies utilizing 
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radioactive tracer techniques in vitro and in vivo have 
established that the testis, adrenal cortex and to a limited 
extent, the ovaries and placenta of mammals can enzymatically 
convert a number of specific precursors (e. g. , acetate, 
cholesterol, corticosteroids, progesterone and pregnenolone) 
into androgens (34). From these studies, six different routes 
for androgen biosynthesis have been postulated (34). 
It is well established that testosterone, in males, is 
derived almost exclusively from testicular secretion while 
steroids produced by the adrenal cortex contribute 
insignificantly to the total androgen load. (84). Two major 
pathways have been accepted for the conversion of pregnenolone 
or pregnenolone sulfate to testosterone: the 4-ene and the 5-
ene pathway (53) (Fig. 1. 4). The predominance of either pathway 
seems to be species dependent (56). The 5-ene pathway is 
predominant in the normal healthy human testis (5,165). 
The microsomal enzymes responsible for these steroid 
transformations have been identified in the human testis (122). 
The 3P-HSOH (EC 1. 1. 1. 51) and 3-ketosteroid-4,5-isomerase (EC 
5. 3. 3. 1) complex [A] is involved in the conversion of C21 
steroids (pregnenolone to progesterone) as well as C19 steroids 
(dehydroepiandrosterone to androstenedione). Whether the 17-
hydroxylase (EC 1. 14. 99. 9) [B) and 17-hydroxysteroid C17-C20 
lyase [C) catalyze the hydroxylation at C-17 and the side-chain 
cleavage of both 4-ene and 5-ene C21 steroids with a single 
enzyme or separate enzymes has not been conclusively determined 
in man (69). 17P-HSOH (EC 1. 1. 1. 64) [0] is responsible for the 
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Fig. 1.4. Schematic diagram of 4-ene and S-ene pathways for 
testosterone biosynthesis in the testis. [A] = 3�-HSDH 
and 3-keto-4,S-isomerase complex; [B] = 17-hydro'xylase; 
[el = e-17,20-1yase; [D] = 17p -HSDH. 
Pregnenolone __ ...;[=-A,:.J_ .... Progesterone 
17. -Hydroxypregneno lone 
5-Androstenediol � Testosterone 
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reduction of the 17-keto group to form active androgens and 
estrogens. It is responsible for the interconversion of C19 
compounds (androstenedione to testosterone, dehydroepi­
androsterone to 5-androstenediol) and C18 compounds (estrone to 
estradiol-17P) within the human testis. In the ovary, placenta 
and adrenals, a high proportion of 4-androstenedione produced 
by side-chain cleavage of 17a-hydroxyprogesterone is aromatized 
in Ring A to form estrogens rather than testosterone. 
Although current knowledge points to differences of detail 
e. g. , the sequence of steps in androgen biosynthesis and the 
presence of isozymes of 3B-HSDH/4,5-ene isomerase complex [A] 
and C17-20 lyase [C] (185) in the various animal species and 
tissues examined thus far, the subcellular localization of the 
steroidogenic enzymes appears to be similar in the testes and 
adrenal cortex of mammals (13 9). 
D. Regulation of Androgen Biosynthesis in the Testis 
The mammalian testis is composed of two distinct anatomic 
and functional compartments. One compartment, the seminiferous 
tubule, is concerned with the process of spermatogenesis; the 
other, represented by the Leydig cells of the interstitial 
tissue, is the major site of androgen production in the human 
testis (99). 
Numerous physiological and biochemical factors are known to 
have an effect on the rate of steroidogenesis in the testis. 
steroidogenesis can be controlled by direct stimulation (or 
inhibition) of enzymatic reactions. Studies of the steroid-
11 
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transforming enzymes have revealed that the activities of many 
of these enzymes are sensitive to the presence or absence of  
endogenous steroids (56,148) . In addition, the subcellular 
compartmentalization of these enzymes also appears to play an 
important role in the process of steroid biosynthesis and 
secretion (134) . Factors which regulate the supply of 
cholesterol precursors, e. g . ,  HMG-CoA reductase activity and 
serum lipoproteins, may be important determinants of the rate of  
steroidogenesis (50). 
In all androgen producing tissues, side chain cleavage of 
cholesterol to form pregnenolone occurs on the inner 
mitochondrial membrane and is under the hormonal control of 
adrenocorticotropic hormone (ACTH) (54). The smooth endoplasmic 
reticulum has been reported to be the site at which pregnenolone 
is converted into testosterone (184). The conversion of 
cholesterol to pregnenolone has been established as the rate­
determining step in the synthesis of steroids in the adrenal 
cortex. This step is activated by the action of ACTH on adrenal 
cells via steps in which cAMP, cGMP and a labile protein factor 
have all been implicated (77). While the production of 
androgens in the adrenals is controlled by the pituitary ACTH, 
the gonadal biosynthesis of androgens is regulated by the 
gonadotrophic hormones of the pituitary and the placenta. See 
Fig. 1. 5 .  The main trophic hormones involved in the control of 
steroid biosynthesis and formation of spermatozoa are 
luteinizing (LH), also referred to as interstitial cell stimu­
lating hormone (ICSH), in the male, and follicle stimulating 
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hormone (FSH). The current names for UI and FSH are 1utropin 
and follitropin (54) . The placental hormone, human chorionic 
gonadotrophin (HCG), is believed to influence the development of  
the Leydig cells during intrauterine life. Testicular androgens 
are known to play a major role in the negative feedback control 
of the production and secretion of gonadotrophin-releasing 
hormone (GNRH) in the hypothalamus and gonadotrophins in the 
anterior pituitary. The decapeptide GNRH binds specifically to 
high-affinity receptors in the anterior pituitary, thus causing 
activation of adenyl ate cyclase in the cell membranes and 
increased cAMP production. Calcium ions and some prostaglandins 
are also thought to be involved in the control of gonadotropin 
release. The control by testosterone is thought to be due to 
its conversion to estradiol-17� in central neuroendocrine 
tissues such as the hypothalamus. The testis also produce a 
protein hormone, inhibin, which is involved in the control of 
FSH secretion. Further evidence has implicated a specific 
androgen binding protein (ABP) in the testicular control mech­
anisms. The function of the ABP is to bind with androgens and 
then transport them to the epididymis (124). It has been 
established that specific trophic hormone receptors are present 
in different testicular cell types, for instance, HOG and UI 
bind and activate the same membrane receptors on the Leydig cell 
whereas FSH binds Sertoli cells in the seminiferous tubules 
(13 3). Interaction 9f UI and FSH with specific receptors 
results in activation of a membrane associated adenyl ate 
cyclase, which in turn brings about an increase in cAMP 
Fig . 1 . 5 .  Mechanism o f  action o f  tropic hormones in regulation 
of testosterone biosynthesis . 
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production and activation of a protein kinase. Cyclic AMP 
has been shown to stimulate testosterone synthesis and secretion 
in rat testis interstitial tissue by increasing the rate of 
conversion of cholesterol ester into free cholesterol in the 
cytoplasm or on microsomal membranes of Leydig cells (54,133). 
The free cholesterol has to be translocated into the mitochon­
dria where hydroxylation and side-chain cleavage can occur. In 
the case of ACl'H, the adrenocortical cholester ester hydrolase 
is activated by phosphorylation, thus it is conceivable that a 
similar mechanism may occur in the testes. Protein kinase 
activity has been shown to be involved in the phosphorylation 
and activation and/or synthesis of specific proteins in Leydig 
cells (54). In addition, LH appears to accelerate the side­
chain cleavage of cholesterol. 
While LH is considered the most important factor in Leydig 
cell regulation, other factors are known to modify Leydig cell 
function including, prolactin, FSH, estrogens, malnutrition, 
age, time of day, and psychological stress (84) . In target 
tissues, factors that determine the magnitude of response to a 
steroid hormone include the concentration of the "free" hormone 
in the blood (which is a balance between its rate of production 
and metabolism), the rate of blood flow to the tissue, and local 
(target tissue) transport factors (124). 
E. Biological Action of Androgens 
The androgens have widespread effects on both sexual and 
nonsexual tissues (21,63). In the male, testosterones are 
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important in the development of the reproductive organs and 
secondary sex characteristics. Androgens influence the growth 
and maintainance of the normal structure and function of the 
seminal vesicles, prostate, vasa deferens, epididymis, penis and 
scrotum. An early change in the stimulated tissue is an 
increased degree of vascularization. Androgens also stimulate 
spermatogenesis. Androgens influence the distribution of facial 
and body hair. The amount of androgen necessary to effect this 
change depends on the race, sex and age of an individual and the 
site of the follicle on the body. Sex-specific or androgenic 
activity appears to reqire prior conversion of testosterone to 
5a-dihydrotestosterone (DHT) by 5a-reductase either in 
peripheral or target tissues. 
Testosterone stimulates growth in general. The increased 
body weight in males is largely due to the anabolic effect of 
androgens on muscular development. The growth spurt at puberty 
results from the stimulatory effect on epiphyseal centers in 
long bones. In addition, the kidney and larynx are both larger 
in men than in women. Androgens stimulate erythropoiesis and 
heme synthesis accounting for a higher red blood cell count and 
hemoglobin content in blood of men. Androgens have a profound 
effect on enzyme systems and secretions. They increase the 
secretion of fructose by the seminal vesicles. They cause 
increased activity of many enzymes in the kidney, including acid 
phosphatase, arginase, amino-acid oxidase and �-glucuronidase 
but a decrease in alkaline phosphatase. The effects on 
metabolism are to promote nitrogen retention by increasing 
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protein synthesis, decrease the rate of amino acid catabolism 
and decrease urea excretion. Androgens stimulate the sebaceous 
secretion and may produce acne in either sex at puberty. (63). 
The anabolic effects of androgens do not appear to require 
conversion of testosterone to DHT since the 5a-reductase enzyme 
has not been detectable in skeletal muscle. 
F. Mechanism of Androgen Action at the Subcellular � 
Androgens or steroids in general, act in their target 
tissues by several mechanisms. Androgen receptors or receptor­
like proteins that can bind both 5a-dihydrotestosterone and 
testosterone have been found in a number of androgen target 
tissues including the ventral prostate, seminal vesicles, 
epididymis, kidney, uterus, ovary, submaxillary gland, testis, 
levator ani muscle, thigh muscle, sebaceous and prepubital 
glands, spermatozoa, hair follicles, bone marrow, pineal gland, 
androgen-sensitive tumors and possibly in certain areas of the 
brain (82). The interaction of steroid hormone with a specific 
high affinity cytoplasmic component in target tissues results in 
activation/transformation of the receptor molecule. The 
activated complex migrates into the nucleus and binds to nuclear 
acceptor sites, thus initiating the processes which result in 
gene expression. Proposed nuclear binding sites for receptors 
include DNA sequences, chromatin, nucleoacidic proteins and 
nuclear matrix. 
CUrrent efforts in molecular endocrinology are focused on 
understanding the nuclear events involved in such complex events 
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as mitosis and cell proliferation. With respect to glucocor­
ticoid regulation of gene expression, several mechanisms have 
been reasonably well established. In a number of cases, trans­
criptional regulation appears to involve direct interaction 
between the hormone receptor complex and a so-called glucocor­
ticoid regulatory element (GRE) (161). In contrast, studies on 
the hormonal regulation of ribosomal RNA suggest that glucocor­
ticoids, as well as the sex hormones, influence the frequency of 
initiation of transcription by secondary genetic regulation 
(161), i. e. initiation at the rRNA promoter is regulated by the 
amount or activity of a transcription factor that is in turn 
regulated by steroids. The mechanism (s) of secondary regulation 
are speculative at this time. One hypothesis is that steroid 
hormone-receptor complexes interact directly with a limited 
number of trans-regulatory loci which may encode growth factors 
(perhaps cellular oncogenes), tissue specific transcription 
enhancers, or transcription factors that interact with distal 
promoters to provide for either specific or pleiotrophic control 
of transcription (161). 
G. Steroid Catabolism and Urinary Excretion 
The liver is the main site of corticosteroid metabolism. 
The catabolic reactions are mostly reductive and not only 
inactivate the physiologically active steroid hormone but also 
render the steroid molecule more hydrophilic for urinary 
excretion. The majority of steroid catabolites are conjugated 
as glucuronides and sulfates before being excreted. 
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corticosteroids are also converted to carboxylic acid 
derivatives. Four major catabolic pathways for corticosteroids 
and androgens are recognized (55). 
(1) Reduction of the A-ring and the 3-oxo group by 4-ene-5a­
and 5,8-reductases and 3a- and 3,8-HSDH; Complete reduction of 
the 4-en-3-oxo group could produce four isomeric metabolites, 
however, in man, the 3a-hydroxyl, 5,8 configuration is 
predominant. The 5,8:5a ratio for corticosteroids such as 
cortisol and cortisone is usually about 3:1 (55). 
19 
(2) Reduction of the 20-oxo group on the side-chain by 20a- and 
20j3-HSDH; 
(3) Oxidative side-chain cleavage of 17-hydroxylated C21 
steroids by hepatic desmolases; The 17-hydroxyl function of 
androgens, such as testosterone, may be oxidized to a 17-oxo 
group by 17,8-HSDH. 
(4) Additional hydroxylations at C-6a, C-6,8, C-7a, C-1 1,8 and C-
16a of androgens may occur. Cortisol may be further 
hydroxylated at C-6j3 or, possibly at C-16a, to give extremely 
polar metabolites. These polyhydroxylated steroids are 
sufficiently water-soluble to be excreted in urine without the 
need for prior conjugation. The majority of the various 
metabolites of corticosteroids and androgens are excreted in the 
urine as water-soluble conjugates. 
H. Neutral Steroid Hormones in Human Bile and Feces 
The fate and excretion of steroid metabolites has been 
studied after intravenous administration of radio labelled 
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hormones to man and animals (14,55,88,157). From determinations 
of the radioactivity of isolated metabolites in urine, feces, 
and bile, great species differences have been foUIY.i for both the 
extent and nature of their excretion in bile and the time 
required to remove a labelled tracer dose from the body . A 
delay in elimination of steroids from the body is attributed to 
their enterohepatic circulation (EHC) . 
Little is known about the factors determining the excretion 
route of a particular steroid . The total daily excretion of  
neutral steroids into bile is approximately 13 mg for men and 6 
mg for women (55). Characteristic properties of steroids 
undergoing appreciable biliary excretion and EHC in man are a 
molecular weight of approx . 500 (the size of a conjugated 
steroid) and a polar group such as a carboxyl or sulfate . Small 
alterations in chemical structure, such as the addition of a 
hydroxyl group, may greatly influence the extent of biliary 
excretion (88). A variety of neutral, phenolic, and synthetic 
steroids are taken up by the liver cells, conjugated with 
sulfuric and/or glucuronic acid and cross the membranes of the 
hepatic canaliculi to be excreted in the bile . The type of 
conjugation appears to be related to A-ring stereochemistry 
(88). Conjugation increases the polarity of the molecule which 
leads to ionization at the prevailing pH and increased 
solubility . Most of the conjugated biliary steroids are 
deconjugated in the gut, and reabsorbed before or after 
bacterial alterations . The products of intestinal metabolism 
may be biologically less but also more active than the parent 
compound excreted with the bile (3,146). These metabolites may 
be either excreted in the feces ( less than 2 mgjday) or reab­
sorbed from the small intestine into the ERe (14). The reab­
sorbed metabolites may undergo further metabolism in the intes­
tinal wall (60) or in hepatic or extrahepatic sites . The recy­
cled metabolites may be re-excreted in the bile and undergo 
several additional enterohepatic circulations (ERe) and be fur­
ther metabolized, or eliminated from the body by the kidney 
( 14 ) • 
I .  Microbiology of the Human Intestinal Tract 
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The indigenous micro flora of the gastrointestinal tract 
plays a vital role in establishing normal intestinal structure 
and function as well as certain aspects of "normal" host 
physiology beyond the gastrointestinal tract ( 2 ) . This has been 
conclusively demonstrated by comparative studies with germfree 
(gnotobiotic) and conventional rats . The intestinal tract of 
adults contain approx . 1 kg of bacteria , equivalent to 1014 
organisms representing at least 400 distinct species (65 ) . More 
than 99% of the intestinal flora are obligate anaerobes. 
Essentially all of the microbes are in the small and large 
intestine . The gastric pH of the stomach inhibits growth of 
organisms , creating a relatively sterile environment (41). The 
species and levels of microbes in the small intestine are 
dependent on the area sampled , Le . the duodenum, j ej unum ,  
distal and terminal ileum o r  colon . The bacterial content of 
the colon has been elucidated primarily through studies of fecal 
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flora . The maj or bacterial groups present in the fecal flora of 
individuals with different dietary habits show a remarkable 
similarity, e . g . , vegetarian , traditional Japanese diet and 
standard western diet (41,97) . The most commonly encountered 
groups are Bacteroides species , anaerobic cocci , Eubacterium 
species , lactobacilli , bifidobacteria , Clostridium species , and 
facultative streptococci (65). Col iforms , e . g .  � coli , com-
prise <1% of the normal intestinal flora . OVerall ,  the species 
composition of an individuals colonic micro flora appears to be 
quite stable and does not change significantly with diet (18 ) .  
The colonic bacteria display considerable metabolic 
versatility . Bacterial species are known to transform a variety 
of endogenous and dietary substrates ,  including complex plant 
polysaccharides , steroids , bile acids , cholesterol , muco-
polysaccharides , sloughed intestinal epithelial cells , 
immunoglobulins , digestive enzymes , and pharmacologically 
important drugs (15,60,88). 
J .  Metabol ism of Neutral steroid Hormones by Human Intestinal 
Bacteria 
The physiological role of steroid hormone metabolism in the 
intestinal tract of man is largely unknown despite the fact that 
a wide spectrum of microbial species , both anaerobes and 
facultatives , are capable of transforming steroids excreted in 
the bile (14,88 ) .  In man , the following transformations are 
known to be catalyzed by microbial enzymes : hydrolysis of 
glucuronides (Bacteroides and � .  coli)  and sulfates ; Ring A 
reduction (Clostridium innocuum. Clostridium paraputrificum ,  
Lactobacillus leichmannii , Bifidobacterium adolescentis , and 
Peptostreptococcus ; 2 0a- and 20�-hydroxysteroid oxidoreduction 
(�. scindens , Bacteroides fragilis and �. adolescentis ; 17�­
hydroxysteroid oxidoreduction (Alcaligenes faecalis , 
Mycobacterium smegmatis , Pseudomonas aeruginosa , Staphylococcus 
aureus ; 16a-dehydroxylation and saturation of the 16 , 17 double 
bond with rearrangement of the side chain from � to the a­
position , 21-dehydroxylation (Eubacterium lentuml and side­
chain cleavage (� . scindens) ( 13 , 14 , 88 , 14 9 , 18 1) . 
2 3  
K .  Steroid-17 . 20-Desmolase and 2 0a-Hydroxysteroid Dehydrogenase 
in Prokaryotes and Eukaryotes 
The first indication of steroid desmolase (C17-2 0lyase) 
activity in human fecal flora was reported by Nabarra , et al , in 
1957 ( 100) . These investigators detected an increase in urinary 
17-ketosteroid levels in patients undergoing rectal admin-
istration of cortisol in the treatment of ulcerative colitis . 
Further evidence for the presence of desmolase activity of 
bacterial origin was provided by Wade , et al , ( 169 )  who demon­
strated that side-chain cleavage of cortisol was inhibited by 
neomycin . Eriksson and Gustaffson ( 3 8 )  and Cerone-McLernon , et 
al , ( 2 8 )  were able to demonstrate that mixed fecal flora from 
healthy human subjects removed the side chain from several 
different C21 neutral steroids in vitro . In 1984 , Bokkenheuser 
et al , ( 1 3 )  isolated an intestinal anaerobic bacterium that 
could cleave the side-chain from corticosteroids with a 17-
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hydroxyl group . This bacterium was classified as C .  scindens , a 
new species of clostridia ( 18 2 ) . Interestingly , � scindens was 
found to synthesize 20a-hydroxysteroid dehydrogenase ( 2 0a-HSDH) , 
as well as two enzymes active on bile acids , 7a-dehydroxylase 
and 7P-hydroxysteroid dehydrogenase ( 18 2 ) . To date , � scindens 
is the only bacterium known to synthesize both steroid 
desmolase and 2 0a-HSDH (Fig 1 . 6 ) . 
Desmolases that cleave the side chain of C2 1  steroids to 
form C19 androgens are also found in steroid hormone 
biosynthetic pathways in mammalian endocrine tissues , in a wide 
variety of free-living microorganisms and in two other anaerobic 
bacterium, Eubacterium desmolans and Clostridium cadavaris ( 1 6 ) . 
These anaerobes also synthesize a 2 0p-HSDH . 
In all mammalian steroidogenic tissues , a microsomal 
cytochrome P-450 mixed function oxidase system consisting of 
both 17a-hydroxylase and C17-20 lyase activities has been shown 
to cleave the side chain of progesterone to androgens in the 
presence of NADPH and molecular oxygen. The lyase component 
purified from neonatal porcine testes is a glycoprotein with a 
molecular weight of 59 , 000 ( 103 ) . The flavoprotein component 
purified from liver , adrenals and testes is a 7 0 , 000 dalton 
NADPH-cytochrome P-450 reductase ( 7 4 ) . The liver is the maj or 
site of adrenocorticosteroid metabolism and has been shown to 
contain enzymes capable of side-chain cleavage of cortisol and 
cortisone ( 4 3 , 51 , 52 ) . 
The free-living prokaryote streptomyces , and several fungal 
species , mainly of the genera Penicillium ,  Aspergillus , Mucor, 
Fig . 1. 6. Desmolase and 2 0a-HSDH activities in � .  scindens . 
20a - HSDH 
o 
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Gliocladium , cylindrocarpon , and Fusarium ( 20 , 2 5 , 26 , 37 , 4 2 , 44 , 57 , 
9 5 , 112 , 113 , 16 6 , 167 ) are known to stereospecifically degrade the 
C-17-p-acetyl side chain of progesterone and related steroids to 
give C19 steroids having a 17-ketone (androstenedione) , 17P­
alcohol (testosterone) or a 6-membered ring D lactone function 
(testololactone) and/or their derivatives with different ring A 
structures . See Fig 1 . 7 .  
Rahim and sih ( 12 6 )  partially purified two steroid­
inducible enzymes involved in side-chain cleavage from 
cylindrocarpon radicicola . They demonstrated that a mixed 
function oxidase catalyzes the conversion of progesterone to 
testosterone acetate in the presence of NADPH and molecular 
oxygen . The latter ester is then hydrolyzed by an esterase to 
yield testosterone . Prairie and Talalay ( 12 1 )  partially 
purified two soluble steroid-inducible enzymes involved in the 
conversion of testosterone to testololactone from Penicillium 
lilacinum mycelium. A NAn-linked 17P-HSDH was shown to 
interconvert testosterone and androstenedione . A lactonizing 
enzyme system was found to require NADPH and molecular oxygen 
for activity. 
concerning the mechanisms of side-chain cleavage , the path­
way found in testicular microsomes proceeds via a 17a-hydroxy­
progesterone intermediate . The oxygen in the 17-keto group of 
androstenedione is introduced by a 17a-hydroxylase prior to 
cleavage in the presence of NADPH and molecular oxygen ( 1 04 ) . 
This is followed by the addition of oxygen to form a 17a­
hydroxy-17p-peracetate , an unstable intermediate , which is then 
CH3 
I 
(= 0 
{:C �I 
I 
GLJO 
V 
o OH 
IV ]IT 
Fig . 1 . 7 .  Pathways of progesterone metabolism to C19 steroids 
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in microorganisms . I,  progesterone ; II , testosterone 
acetate ; III , testosterone ; IV, 4-androstenedione ; 
V, testololactone . 
cleaved to yield acetic acid (87 )  and androstenedione . This 
mechanism parallels the chemical Bayer-Villiger ( 1899 ) reaction 
in which a peracid attacks the C-2 0  carbonyl group to give an 
addition compound which then rearranges to form the 17-
ketosteroid ( Fig . 1 . 8 ) . Some microorganisms appear to degrade 
the pregnane side-chain in the same way as the testis ( 14 4 ) . A 
monooxygenase of this type was obtained from C .  radicola .  In 
the presence of molecular oxygen and NADPH, the enzyme is 
capable of inserting an oxygen between C-17 and C-2 0 of 
progesterone to form testosterone acetate ( 105) ; an esterase 
hydrolyzes the latter to testosterone and acetic acid . Among 
the substrates tested with this enzyme , 17a-hydroxyprogesterone 
was the most active , yielding androstenedione as the product . 
Microorganisms capable of forming c19 steroids from 
cholesterol are found widely distributed among bacteria and 
actinomycetes of the following genera : Arthrobacter, Bacillus , 
Brevibacterium ,  Corynebacterium , Microbacterium , Mycobacterium, 
Nocardia ,  Protaminobacter , Serratia . and Streptomyces ( 10 1 ) . 
The mechanism of the degradation of the cholesterol side-chain 
to 17-ketosteroids by microbes has been shown to involve carbon­
carbon bond fission at C-24-C-2 5 ,  C-2 2-C-23 ,  and C-17-C-2 0 ,  a 
mechanism similar to the p-oxidation of fatty acids ( 93 ) .  
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2 0a-HSDH (EC 1 . 1 . 1 . 149 )  i s  also widely distributed in 
nature . The enzyme has been previously demonstrated in bird 
testes , fungi ( 14 , 4 0 , 34 )  and in a great variety of mammalian 
tissues . Various forms of 20a-HSDH are found in the maj or 
steroid-producing tissues of mammals :  adrenals ( 17 , 94 ) , ovaries 
Fig .  1 . 8 .  Mechanism of side-chain cleavage in mammalian 
tissues . 
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( 176 ) , testis ( 11 0 , 142 , 14 3 ) , and placenta ( 12 , 47 , 85 , 12 5 )  and in 
liver ( 27 , 2 9 , 70 , 8 0 , 127 ) , kidney ( 177) , muscle ( 160) , lymphatic 
organs ( 2 4 ) , fibroblasts ( 152 ) , and hematopoietic cells ( 73 , 106 , 
174 ) . Multiple forms of 20a-HSDH have been distinguished in 
several tissues , largely on the basis of steroid substrate 
specificity, pyridine nucleotide requirement and intracellular 
location . In vertebrate species , 2 0a-HSDH is thought to be a 
key enzyme involved in tissue-specific regulation of steroid 
hormone metabolism . In the mammalian ovary , estradiol 17f3 and 
progesterone (P)  levels vary in a presisely controlled manner 
during the menstrual cycle and pregnancy ( 5 6 , 117 ) . P secreted 
by the granulosa cell of the corpus luteum is known to be 
important in the maintenance of pregnancy . Just prior to 
termination of pregnancy , a decrease in P secretion is 
associated with an increase in the conversion of P to 2 0a­
dihydroprogesterone ( 2 0a-OHP) , a biologically inactive progestin 
( 18 0 ) . This observed change in the P/2 0a-oHP secretion ratio 
has been attributed to the induction of 2 0a-HSDH by an unknown 
mechanism . Suicide substrates to inactivate ovarian 2 0a-HSDH 
have been evaluated as possible therapeutic agents to maintain P 
levels and to perhaps prevent miscarriage ( 13 1 ) . Increases in 
2 0a-HSDH activity have been shown to coincide with inj ection of 
prostaglandin F2a into pseudopregnant rats (psp) ( 132 ) . 
Inhibition of 20a-HSDH activity in granulosa cells has been 
observed in the presence of FSH and androgens in an androgen 
receptor regulated process in vitro ( 36 , 96 ) . On the contrary , 
Naito , et al ( 102 ) were unable to detect a change in 2 0a-HSDH 
3 0  
activity throughout the different stages of psp and argued that 
the change in the progestin ratio in the late phase of psp is a 
result of reduced P synthesis from an insufficient precursor 
supply of pregnenolone . A rat ovarian 20a-HSDH has been puri­
fied to homogeneity (98 , 118-120 , 178 , 179 ) and well characterized. 
In the human term placenta , a soluble bifunctional 17p , 2 0a­
HSDH ( 123 , 150 , 151) which catalyzes oxido-reduction of both 
estrogen and progesterone has also been purified to homogeneity . 
Inactivation with various affinity alkylating steroids followed 
by simultaneous reactivation of both activities supports the 
idea that both activities occur at a single active site on one 
enzyme ( 4 , 158 , 159 , 162 ) . 
A soluble enzyme from the testes of two species ( 1 16 , 12 4 , 
1 3 6 )  has been purified to homogeneity . 2 0a-HSDH may play a role 
in the regulation of androgen formation in the testes ( 3 9 , 110 , 
143 ) since the formation of 2 0a-oHP or 2 0a-dihydropregnenolone 
has been shown to inhibit steroid 17a-hydroxylase and/or C17-2 0 
lyase . 
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STATEMENT OF PROBLEM AND OBJEcrIVE 
The discovery of an obligate anaerobe synthesizing a 
steroid desmolase offered the interesting opportunity of 
studying the mechanism of a novel biochemical reaction in which 
the side-chain of C2 1 steroids is cleaved to form androgens . In 
addition , � .  scindens is the only bacterium known so far to 
catalyze 20a-hydroxysteroid oxidoreduction . This study was 
initiated to characterize these reactions in extracts of � .  
scindens , with a view towards purifying and characterizing the 
enzymes responsible for ( 1 )  side-chain cleavage and ( 2 )  2 0a­
hydroxysteroid oxidoreduction . 
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II . PARTIAL PURIFICATION AND CHARACTERIZATION OF 
STEROID-17 , 2 0-DESMOLASE FROM � .  SCINDENS 
MATERIALS AND METHODS 
A .  Source and CUltivation of Clostridium scindens 
C .  scindens ATCC 3 5704 , formerly Clostridium sp . C19 ; was 
isolated from human feces ( 13 ) . Stock cultures were maintained 
in 3 3 %  glycerol (vjv) at -70oC .  C .  scindens was grown in 
Tryptic soy broth ( 27 . 5  gjl )  supplemented with cysteine ( 1  gjl )  , 
sodium carbonate ( 4  gjl ) , and a standard salts solution ( 65 ) . 
CUltures were induced to synthesize 2 0a-HSDH and desmolase by 
the addition of cortisol dissolved in ethanol at the time of 
inoculation and at 1 . 5 hr intervals during growth to give a 
final steroid concentration of 0 . 2  roM. Growth was monitored 
with a Klett-Summerson Colorimeter (No . 66 red filter) . Cells 
were harvested at 100 Klett units and frozen at -20oC .  
B .  Assays for Desmolase Activity 
The desmolase activity in cell extracts was initially 
assayed in a 1 ml reaction mixture containing 1 �mol NAD+ , 0 . 5  
�mol MnCI2 ' 7 5  nmol cortisol , 5 0  �mol sodium phosphate , pH 7 ,  
and 10 roM 2-mercaptoethanol for 3 0  min at 3 70C under an argon 
atmosphere . Reactions were stopped by the addition of 0 . 5  ml 
0 . 5  N HCI . The standard reaction solution was modified during 
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early purification attempts to 500 nmol NAD+ , 50 nmol cortisol , 
100 �mol sodium phosphate , pH 7 . 5 ,  5% ethanol (v/v) , 10 roM 2-
mercaptoethanol , 10% glycerol (v/v) in a total volume of 1 ml ,  
or as indicated . Samples were incubated at 3 70C under an argon 
atmosphere for 30 min . The reactions were stopped by the 
addition of 0 . 5  ml of 0 . 01 N HC1 . 
Enzyme units . The amount of enzyme activity transforming 1 nmol 
of steroid per min under the conditions of assay described above 
was defined as 1 unit of desmolase activity . 
C .  Extraction of Steroids 
Steroids in the acidified reaction mixtures were extracted 
with 2 ml of diethyl ether in preliminary experiments with cell 
extracts . The extraction efficiency was only 80 5% with diethyl 
ether , thus results obtained in preliminary stUdies were only 
semiquantitative . In subsequent experiments it was found that 
methylene chloride was a superior solvent to extract 
corticosteroids ( exraction efficiency > 95%) , thus steroids were 
extracted with 5 ml of methylene chloride during the 
purification procedure . Pyrex tubes ( 100 mm) used in the 
extraction procedure were pre-washed in Dichrol ( Scientific 
Products)  to remove possible contaminants . Solvents were 
evaporated to dryness under a N2 gas atmosphere at 42oC .  
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D .  Separation and Quantitation of Substrates and Products 
Steroids were separated and quantitated by reverse 
phase HPLC using a Beckman Model 342 HPLC equipped with a Model 
164 variable wavelength detector and a Spectra-Physics SP 4 2 7 0  
integrator. Steroids dissolved i n  1 5 0  � l  of HPLC-grade CH30H 
( 2 0  �l injection volume) were resolved on an Altex Ultrasphere 
ODS reverse phase (RP-HPLC) column ( 4 . 6  mm x 15 em; 5 � particle 
packing) at a flow rate of 1 ml/min or on a Whatman Partisil 10 
ODS-3 column at a flow rate of 1 . 5  ml/min . UV absorbance at 2 4 0  
nm was monitored to detect steroids with a 3-keto , 4-ene function 
in ring A .  Concentrations o f  steroids were calculated by 
external standardization . Products were identified by 
comparison of their retention times , �, with those of authentic 
steroid compounds . 
E .  Solvent Systems 
Substrates and their metabolites were separated by RP-HPLC 
using methanol and water as follows : 6 0 : 40  (v/v) for cortisol , 
cortisone and corticosterone ; 7 0 : 3 0  (v/v) for 11-desoxycortisol , 
deoxycorticosterone and 17-hydroxyprogesterone ; 75 : 25 (v/v) for 
progesterone . All solvents were degassed before use . 
F .  Partial Purification o f  Desmolase 
1 .  Buffers . The buffers used in the purification protocol 
were : (A) 100 roM sodium phosphate , pH 7 . 5 , 2 0% glycerol (v/v) , 
10 roM 2-mercaptoethanol and 0 . 5  roM IMSF ; (B)  20 roM sodium 
phosphate , pH 7 . 2 ,  0 . 1  M NaCI , 20% glycerol (v/v) , 10 roM 2-
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mercaptoethanol and 0 . 5  roM PMSF ; (C)  20 roM sodium phosphate , pH 
7 . 2 ,  0 . 4  M NaCl , 20% glycerol (v/v) , 10 roM 2-mercaptoethanol and 
0 . 5  roM PMSF . Buffers were made anaerobic by boiling and then 
cooling under a N2 atmosphere . All procedures were carried out 
at 4oC.  
2 .  Preparation of Cell Extracts . To prepare cell 
extracts , cells ( 15 g wet weight) were thawed , suspended and 
washed once in buffer A to remove any residual culture media . 
The cell pellet was resuspended in a minimal volume of buffer A .  
2 0  Jjg/ml o f  DNase was added to the cell suspension . The pre­
chilled French Pressure Cell was rinsed with approx . 1 ml of 
0 . 15 M PMSF . Cells were broken by two passages through the 
French Pressure Cell ( 14 , 000 psi) . Cell debris was removed by 
centrifugation at 12 , 000 x g for 5 min. The supernatant fluid 
was centrifuged at 105 , 000 x g for 1 . 5 hr. The 105 , 000 x g 
soluble cell extract was dialyzed against 3 1 of buffer B over 
8 hr . 
3 .  DEAR cellulose column chromatography. The dialyzed 
cell extract was applied to a column of DEAE cellulose ( 10 x 2 . 6  
em) - 25 g Whatman DE-52 - equilibrated with buffer B .  The 
column was washed with two bed volumes of buffer B and then 
eluted with a 400 ml linear gradient of buffer B and buffer C 
( 0 . 1 - 0 . 4  M NaCl , pH 7 . 2 ) at a flow rate of 0 . 5  ml/min . 3 0 0  Jjl 
aliquots of each fraction ( 5 . 5  ml ) was assayed for desmolase 
activity as described above . Fractions 3 2-43 ( 0 . 23 - 0 . 28 M 
NaCl) containing the peak of desmolase activity were pooled and 
precipitated by 75% (NH4 ) 2S04 or concentrated to 1 mg/ml with an 
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Amicon centriprep 10 concentrator . 
4 .  Protein OeteJ:mination. Protein concentrations of 
pooled fractions were expressed as the average of the spectro­
photometric methods of Kalb and Bernlohr ( 7 8 )  and Warburg and 
Christian ( 173 ) . The absorbance at 280  nm was used as an 
estimate of the protein concentration in individual fractions 
eluting from columns . 
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RESULTS 
A .  Identification o f  2 0a-HSDH and Desmolase Reaction Products 
cortisol and metabolites generated by cell extracts of � 
scindens had the same retention times as authentic 2 0a dihydro­
cortisol , cortisol and 11�-hydroxyandrostenedione . These are 
the same steroid metabolites previously reported to be formed by 
whole cells of this bacterium and identified by thin-layer 
chromatography and gas-liquid chromatography-mass spectrometry 
( 13 , 182 ) . 
B .  Cofactor Requirements of Desmolase in Cell Extracts 
Preliminary experiments with cell extracts dialyzed in 
anaerobic buffer containing EDTA resulted in complete loss of 
2 0a-HSDH and desmolase activities . Further experiments showed 
that the addition of individual divalent metal cations in 
combination with NAD+ or NADH could partially restore desmolase 
and 2 0a-HSDH activities , respectively , as shown in Table 2 . 1 . 
The reactions were not stimulated by NADP+ or NADFH (data not 
shown) . These co factors were used in studies with cell extracts 
and the initial work on the purification of the enzymes . 
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Table 2 . 1 . 
Addition 
(1 roM) 
None 
NAD+ 
NAD+ + Mg2+ 
NAD+ + Mn2+ 
NAD+ + Fe2+ 
NADH 
NADH + Mg2+ 
NADH + Mn2+ 
NADH + Fe2+ 
Mg2+ 
Mn2+ 
Fe2+ 
Effect of pyridine nucleotides and divalent metal 
cations on desmolase and 20a-HSDH activities in 
cell extracts 
Oesmolasea 2 0a-HSDH 
Specific Activity 
(nmollrng/hr) 
<2 <2 
4 5 
2 3  2 2  
34  54 
18 32 
<2 <2 
4 28 
4 66 
2 56 
<2 <2 
<2 14 
<2 12 
�e reaction mixture contained in a final volume of 1 . 0  
ml :  50 J.lmol sodium phosphate , pH 7 ,  1 . 5  mg cell extract 
protein, 100 nmol cortisol and 1 !-'mol each addition . Assays 
were performed under an argon atmosphere for 1 hr at 37oC .  Cell 
extracts were dialyzed overnight in anaerobic 100 roM sodium 
phosphate buffer, pH 6 . 8 ,  containing 10 roM 2-mercaptoethanol ,  
12% glycerol (v/v) and 1 roM EDTA. Values are the means of 
duplicate determinations . 
3 9  
C .  Induction and steroid Substrate Specificity of Desmolase and 
20a-HSDH in Cell Extracts 
Steroid-induced and uninduced cultures of � scindens were 
grown under identical condition, except that an equivalent vol­
ume of ethanol was added to uninduced cultures in place of a 
steroid solution ( 0 . 1  mM) . Extracts prepared from these cul-
tures were assayed with cortisol as substrate (Table 2 . 2 ) • 
Desmolase and 20a-HSDH activities were co-inducible in cells 
cultured in the presence of 17a-hydroxysteroids . The steroid 
substrates , cortisol , cortisone , and Il-deoxycortisol were 
equally effective inducers of both activities . Extracts pre­
pared from 17-hydroxyprogesterone-induced � scindens cultures 
efficiently converted cortisol to IlP-hydroxyandrostenedione and 
2 0a-dihydrocortisol , however,  17a-hydroxyprogesterone was not a 
substrate under the conditions of assay . A low but measurable 
amount of 20a-HSDH activity was present in extracts prepared 
from cells cultured with corticosterone . The following steroids 
were not inducers of either 2 0a-HSDH or desmolase activity: 
deoxycorticosterone , progesterone , 4-pregnen-17a , 2 0p-diol-3 -one 
and 4-pregnen-l1p , 17a , 20p , 21-tetrol-3-one . The steroid sub-
strate specificity of desmolase and 2 0a-HSDH activities are 
shown in Table 2 . 3 .  Only 17a , 2 1-dihydroxysteroids were good 
substrates with crude cell extracts . 
40  
Table 2 . 2 .  
Inducer 
( 0 . 1 roM) 
None 
cortisol 
cortisone 
Induction specificity of 20a-HSDH and 
desmolase activities in c .  scindens with 
* 
-
cortisol as substrate 
specific activity 
(nmol/hr/mg) 
20a-HSD� Desmolaseh 
<2 <2 
ll-Desoxycortisol 
255 ( 3 3 )  
2 4 1  ( 6 )  
2 3 9  ( 12 )  
2 10 ( 9 )  
26  ( 11 )  
45  (7 )  
41  ( 3 )  
20  ( 2 )  17a-Hydroxyprogesterone 
corticosterone 31  ( 13 ) <2 
*All values are the means of four determination � SD . 
standard enzyme assay solutions contained 1 mg dialyzed cell 
extract , 75 nmol cortisol , 50 �mol sodium phosphate , pH 7 ,  and 
0 . 5  �mol MnC12 in 1 mI . Incubations were performed under an 
argon gas phase . 
aReactions contained 1 �mol NADH ; reaction time was 10 min . 
�eactions contained 1 �mol NAD+ ; reaction time was 30  min . 
41  
Table 2 . 3 .  Steroid substrate specificity of desmolase 
and 2 0a-HSDH activities in cell extracts* 
substrate** 
(100 LIM) 
Cortisol 
cortisone 
11-Desoxycortisol 
Specific activity 
Desmolasea 20a-HSDHb 
(nmolthr/mg) 
30 ( 2 )  248 ( 79 ) 
37  ( 6 )  234  ( 4 7 )  
29 ( 5 )  322  ( 18 6 )  
2 0a-Dihydrocortisol 7 (1) n .  d .  *The incubations were performed under an argon gas phase 
with 1 mg dialyzed cell extract in each reaction. All values 
are the means of four independent determinations � S . D. 
aReactions were run under the conditions of the 
standard enzyme assay . 
min . 
�eactions contained 1 �ol NADH ; reaction time was 10 
n .  d .  = not determined 
**The following steroids were not metabolized : 17a-
hydroxyprogesterone , progesterone , corticosterone , and 
deoxycorticosterone . 
4 2  
D .  Partial Purification o f  Desmolase 
As shown in Fig. 2 . 1 , DEAE--cellulose chromatography 
separated clearly 2 0a-HSDH and desmolase activities . The peak 
of desmolase was concentrated to 1 mg/ml . This partially 
purified enzyme preparation was used for further 
characterization. 
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Fig. 2 . 1 . Separation of 20a-HSW arxi des!!olase by DEAE­
cellulose chranatograply. Proteins were applied to a 
13 x 2 . 6  em column equilibrated in anaerobic 20 II'M 
sodium pbosJ;ilate cont:a.i.nin3' 15% glycerol (v/v) , 0 . 1  M 
NaCl , 10 II'M 2-mercaptoethanol arxi 0 . 5  II'M FMSF, pH 
7 . 0 .  '!he column was washed in equilibration buffer. 
Both enzyme activities were eluted with a linear 
gradient of 0 . 1  - 0 . 3  M NaCl. '!he absorl:lance at 280 
nm ( - ) was monitored arxi fractions cont:a.i.nin3' 
20Ct-HSW ( • ) arxi des!!olase ( A. ) activities were 
determined by tile reverse � assay described 
in Materials arxi Methcxls .  
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E.  Cofactor ReguireIrents of Partially PUrified Fractions 
As sha.in in Table 2 . 4 ,  NAD+ had no stimulatory effect upon 
the p:utially pll"ified desitolase activity. '!he cofactor fOl.ll'Xl 
to stimulate maximally (2 to 4-fold) with this preparation was 
coenzyme Bu . As shown in Table 2 . 5 ,  the addition of metal 
ions alone to assays had a variable effect on activity. 
CalciUJl1, ferrrus an:i magnesiUJl1 ions were slightly stimulatory. 
OJpric an:i ferric ions � to inhibit the desitolase 
activity. '!he canbination of coenzyme Bu an:i Fe2+ ions 
showed lIDre consistent stimulation of desitolase activity. 
F.  Effect of Te!!perature an:i Atnpsphere on Enzyme Assays 
In cell extracts , an argon atJoosphere stimulated both 
2Da-HSlE an:i d9SllDlase reactions (Fig. 2 . 2 ) . Partially 
pll"ified fractions conta.i.niIq d9SllDlase activity were 
incubated at 22 , 37 , an:i 44Oc. DesIrolase activity was maximal 
in assays performed at 370c (Table 2 . 6) . '!he activity with 
coenzyme Bu was essentially the same urrler a N2 gas � or 
in (air) , hc7.Iever the assay tubes were shielded with alumirrum 
foil dur:in:3' the incubations to protect coenzyme Bu fran 
visible light. 
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Table 2 . 4 .  
COfactor 
(1 ntQ 
vitamin Bu 
TPP 
Coenzyme A 
FAD 
FMN 
Effect of cofactors on desmolase activity in 
Specific Activitya 
(nnpllng/minl 
6 . 5  
8 . 6  
7 . 7  
19 . 2  
27 . 6  
17 . 2  
16 . 2  
7 . 2  
6 . 3  
6 . 4  
9 . 0  
6 . 8  
8 . 6  
10 . 1  
6 . 6  
8 . 3  
7 . 3  
8 . 3  
7 . 8  
7 . 7  
7 . 4  
10 . 8  
NADHI 7 . 7  
9 . 9  
et.rhe assay oc:ntained in 1 ml :  10 JJq protein, 5 0  rmol 
cortisol , 75 iJIIDl sodium �te, pH 7 . 5 ,  20% glycerol (vjv) , 
10 !Iff 2-mercapt:oet:ha1 an::! cofactors as inlicated. '!be 
reactioos were incubated for 30 min urder a N2 gas a� at 
3'A::. 
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Table 2 . 5 .  Effect of metals on clesnDlase activity in 
partially �ified fractions 
1\ddition* Specific activi� 
(100 LIM) (l'll'OCll/min/ng) 
None 11. 1  
10 . 5  
Coenzyme au 
* 17 . 7  
17 . 8  
vitamin au
* 11. 0  
13 . 7  
caCl2 16 . 9 
9 . 8  
CUCl2 7 . 7  
6 . 2  
CoCl2 9 . 5  
7 . 6  
ZnCl2 4 . 2  
5 . 9 
FeCl3 12 . 8  
10 . 6  
FeS04 18 . 2  
7 . 0  
M;JS04 16 . 0  
12 . 6  
MhCl2 14 . 3  
8 . 3  
*0 . 5  J1.IOOl Coenzyme au or Vitamin 8].2 was added to control 
reactions. 
aAssays contained in 1 ml :  10J,lg protein, 5 0  l'll'OCll cortisol , 
85 J1.IOOl sodium �te, � 7 . 5 ,  20% glycerol (vjv) , 10 11M 2-
mercapteoethanol arx:l metal ions as irxticated. Incubations 
were carried out for 30 min at 370c urrler a N2 gas atJoclsI:here. 
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Fig. 2 . 2. Effect of a� on desloolase and 2Da-HSIE 
activities in cell extracts. Extracts were dialyzed 
in FJID\.� buffers and assayed with the 
stan::lard reaction solutions. 
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Table 2 . 6 .  
�ture 
_Qc 
22 
37 
37 
44 
Effect of tenp!rature ani a� on desnDlase 
activity in oartjall:l ourified fractions 
A� 
Air 
Air 
N2 
Air 
Addition Specific 
activity<t 
(rnrol/minllra) 
Coenzyme Bu 5 . 6  
4 . 8  
None 3 . 6  
4 . 8  
Coenzyme Bu 7 . 8  
9 . 9  
None 5 . 2  
5 . 5  
Coenzyme 
B12 10 . 5  
6 . 0  
Coenzyme �2 & Fe2+ 10. 0  
10 . 5  
None 4 . 7  
3 . 5  
Coenzyme 
B12 6 . 2  
3 . 9  
None 4 . 8  
6 . 8  
aAssays contained 15 JJg protein, 50 rnrol cortisol , 8 5  J.IIOCll 
sodimn IiJosFhate, Iii 7 . 5 ,  20% glycerol (vjv) , 10 lIM 2-
mercaptoethanol ani additions as follows : 0 . 5  J.IIOCll Coenzyme 
Bu ani 100 rnrol FeSo4 • '!he incubation tilne was 30 min. 
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DISaJSSION 
In 1984 Eokkenheuser ani winter isolated a clostridium 
fran human feces with the ability to cleave the side chain of 
17a-hydroxy=rticoids (13 ) . In COI1V'ersion experiments with a 
variety of neutral steroids ani bile acids they de!!onstrated 
that this isolate synthesized at least three additional 
enzymes active on the steroid rrolecule: 2Da-HSIH ani bile 
acid 7a-dehydroxylase ani 7,B-HSIH (182 ) . '!he bile acid 
reactions are not tmique to 5:;. scin:iens ani have been uroer 
intensive st:txiy in Eubacterium V. P. I .  12708 in au­
laboratory. 5:;. scindens was chosen for this research because 
it was the first obligate anaerobe shown to synthesize a 
steroid desrrolase. Since the side-chain cleavage of steroids 
in eukaryotic cells ani free-living microorganislrs involves 
NADPH ani rrolecular oxygen, it was conceivable that this 
anaertiJic organism may perfo:rm the carbon-camon cleavage by a 
novel mechanism. '!bus, this research was initiated to (i)  
describe the enzyroc>logy of this reaction in cell extracts ani 
( ii) p.rrify ani characterize this enzyme . 
Initial studies with whole cells of £;. scindens grown in 
the presence of cortisol confi:rmed the previoosly ?Jblished 
neutral steroid transfo:rm:ing capabilities of this bacterium 
(13 , 182 ) . 'l'.oIo metabolites of cortisol were extracted fran the 
culture medium which co-migrated with authentic ll,B-hydroxy­
arrlrostenedione ani 2Da-ilihydrocortisol stan::lards on thin-
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layer chranatography (TIC) ani gas-liquid chrana�y 
(GIC) . However, since eadl of these steroid c::atp:JUl'Xls possess 
an intact 3-keto-4-ene f'ur:¥::tion in r� A, it was possible to 
detect their fonnation by rroni.tor� A240 . 'Ihus, it was 
deemed desirable to develcp a rapid ani sensitive reverse 
phase HPLC assay to separate ani quantitate substrates ani 
products. Solvent systems of methanol :H2o with vary� 
CCIIpJSitions were fa.mj suitable to separate ani quantitate 
the 2oa-derivative (IOOSt polar) , substrate ( intermediate 
polarity) ani C19 steroid product (least polar) for a 11l1IIi:ler 
of 3-keto-4-ene steroids investigated. 
Preliminary studies indicated that both 2Qa-HSI:H ani 
desnDlase activities were present only in s;. scindens cultures 
grown in the presence of 17a-hyd=xysteroids (Table 2 . 2 ) . '!he 
investigation of a newly described enzyme system in cell 
extracts necessitated det:enninin;J optimum assay cornitions. 
Cofactor studies were initiated with cell extracts dialyzed 
anaerc:bically in the presence ani absence of the metallo­
protease inhibitor EDI'A. Both activities were lost in the 
presence of EDI'A ani could be partially reconstituted by the 
addition of pyridine nucleotides in a::rnbination with divalent 
metal cations (Table 2 . 1) . Both activities in EDI'A dialyzed 
cell extracts were stinulated by an argon a�ere (Fig. 
2 . 2 ) , with NAD+ or NAIE ani Mn2+ as cofactors. SUbstrate ani 
i1rluction specificity studies were done with cell extracts 
dialyzed against buffers without EDI'A. 
Initial dlaracterization in cell extracts was crnplicated 
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by the inability to establish assay =n:litions to stu:iy the 
desItolase reaction, withem: interferen::e fran the 2Qa-HSCH 
activity. Eadl steroid substrate tested with a 17a, 21-
dihydroxy side-dlai.n (Table 2 . 3 ) was metabolized to the 2Oct­
an:i C19 derivatives in the presen:e of w.o
+
. Presumably, 
other steroid-in:!epenjent metallolic reactions TNere occurr:in:;J 
in whidl w.o+ was reduced to NACH thus, supply:in:;J reduc:in:;J 
equivalents required for 20-keto reduction. '!be possible 
presen:e of an interfer:in:;J side reaction was investigated. 
'!here was no detectable alcohol dehydrogenase activity in the 
presen:e of w.o+ an:i 5% ethanol , the final =rx::entration of 
solvent in eadl assay. No 2Qa-HSCH or desItolase acivity was 
fcmrl in the absence of exogerxK.IS pyridine nucleotides in 
crude extracts . Significant 2Da-HSCH activity was present in 
assays with w.o+ whidl greatly reduced available substrate for 
the desItolase reaction. In order to detect the C19 steroid 
product, incubations TNere performed for 30 min. Only the 2Da­
dihydrosteroid was fcmrl in 10 min assays with NACH, 
suggestin:J the reduced pyridine nucleotide was inhibitory to 
the desItolase reaction. 
Desnr::llase an:i 2Qa-HSCH activities TNere separated by DEAE­
cellulose chranat:ograIiJ.y (Fig. 2 . 1) . Cofactor studies TNere 
repeated with this 4o-fold prrified desItolase preparation 
(Table 2 . 4 ) . SUl:pris:in:;Jly, w.o+ had no effect on the 
desItolase reaction. Coenzyme B:u was the only cofactor fcmrl 
to stintllate side-chain cleavage of cortisol . '!be c:cJIIDination 
of coenzyme B:u an:i Fe2+ ions � to give IIOre consistent 
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stinulation Crable 2 . 5) , however additional eJq)eriJrents are 
required to detenn:ine whether a metal ion is required for 
c:pt:iJnal activity. A 370c incubation was the cptilm.nn 
tenperature for assay of the side-chain-cleavage reaction 
(Table 2 . 6) . 
Coenzyme au solutions are knc7Nn to be extremely 
sensitive to visible light arrl oxygen exposure (138) . 
Althalgh sare au-depen:lent enzymes are reported to offer 
protection fran irreversible inactivation of the coenzyme by 
bin::liIg (172) the best precaution is to work anaerobically in 
the dark or uroer dint red light. Prelinrinary assays were 
shielded with aluminum foil . Althalgh the enzyme was stored 
anaerOOically in the dark, the partially pn-ifie:i preparation 
was stable for only two clays. Progressive loss of activity 
was observed thereafter: 30% of the original activity was 
lost by clay 3 arrl 60% by clay 4 .  At the present time, 
prelinrinary clata supports the involvement of coenzyme au in 
the deslOOlase reaction. Withalt further eJq)erimental 
evidence, any possible el!planation for the discrepancy in 
00serv'e:i cofactors with crude cell extracts arrl the partially 
pn-ifie:i des!oolase preparation is plrely speculative. A 
description of the major aspects of au biochemistry, 
nutrition arrl ecology is presented belOW" before proceedin;J 
with the disaJssion. 
Vitamin au is a a::nplex stJ:ucture containirq a co=in rin;J 
system (Fig. 2 . 3) . '!he de novo biosynthesis of vitamin au 
== exclusively in microorganisms arrl sare algae in a 
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Fig. 2 . 3 .  Structure of coenzyme Bu 
(Adapted d i r e c t l y f r om r e f .  1 8 7 , p .  vi i i )  
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process involvin;J awroximately 40 enzymes . '!he whole enzyme 
system is thalght to be arran;J9d as a 1Ill tienzyme c::a!I'lex in 
the intact in the bacterial cell. Plants ard aninals . are 
capable of synthesizin;J a few precursors of corrinoids since 
delta amino levulinic acid (AlA) is also a precursor of hares 
ard chloJ:qilylls (23) . vitamin Bu is an essential rrutrient 
in nan, aninals, ard JroSt, if not all microorganisns (8 , 138) . 
'!he corrin rin;J system is cx:ttp:lSE!d of foor fused pyrrole 
rin;Js. An atan of cobalt in the +3 ,  2+, or 1+ oxidation state 
is boon:i so that the foor pyrrole nitraJens are equatorial 
ligan:1s. '!he cobalt atan chelated in the corrin rin;J is 
susceptible to chemical , pmtochemical ard electrochemical 
reduction (138) . '!he coenzymatically active fonns of vitamin 
8].2 possess an organic ligarrl, either a 5 '  -deoxy-5 ' -adenosyl 
or a methyl groop , attached to the f3 position of the cobalt by 
a unique carlxln-to-cabalt bon:l (tq:> axial ligarrl) .  '!he Bu­
depen:lent reactions can be divided into two groops based on 
the tq:> axial ligarrl. Sa.lrces ard salient features of the 15 
8].2-depen:ient enzymes kn<:Ml at present are summarized in Table 
2 . 7 .  'lhese enzymes are divided into two general types (48 ) . 
One type of enzyme consists of similar subunits havin;J sulf­
hydryl groops ard coenzyme Bu-hindin;J site (s) on the same 
subunit. In the other type two dissimilar protein CCITpOl1e11ts 
are required for catalysis, one of which bin:ls coenzyme Bu , 
the other is a sulfhydryl protein. '!he rearrangement reac­
tions mediated by adenosylcobamide requirin;J enzymes can be 
generalized, with the exception of ribonucleotide reductase, 
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as shown in Fig. 2 . 4  (33) . A hydrogen fran one carbon of the 
substrate migrates to an adjacent carllon in excharx:Je for a 
graJP X that JOCI\Tes in the OWOSite direction. Ribonucleotide 
reductase is responsible for the reduction of ribonucleotides 
to 2 '  �ibonucleotides. 
Aerobic, aerotolerant an::! anaerOOic bacteria fOl.ll'Xi in 
soil , water, sewage, activated sludge, an::! the digestive tract 
of man an::! animals synthesize various co=inoids differ:in;r in 
the base inooqx:>rated in the nucleotide loop (bottan axial 
ligaro) • '!be naturally occurr:in;r bases fOl.ll'Xi are benz­
imidazole, prrine, or nitrogen free CXXI1pOllI'Ds like Fbenol or 
p-cresol an::! their derivatives (129) .  '!he species liv:in;r in 
the gastrointestinal tract synthesize predominantly prrine 
contai.n:in;J cd:lamides (adenyl or 2-methyladenyl) while 
methanogens in sewage an::! Clostridium the=ceticum syn­
thesize 5-methoxy an::! 5-hydroxybenzimidazole contain:in;r 
cd:lamides . '!he co=inoid present in man an::! animals called 
vitamin Bu contains 5 , 6-dimethylbenzimidazole (OBI) as the 
base in the nucleotide loop. Only t1NO vitamin BJ.2-depen:lent 
enzymes are known in man. 'lhese are methyllnalonyl-caA-mrt:ase 
an::! methionine synthetase. 'Ihree Bu-hiIrlin;J proteins -
intrinsic factor (IF) , cabalq:tU.lin (CP) , an::! transcabalamin 
(TC) - are involved in the highly specific gastric absorption 
an::! transport of vitamin Bu (3-5 jJ.g daily) acquired in the 
diet fran meat an::! dairy products. '!he IF-vitamin BJ.2 CCIlplex 
is resistant to digestion an::! absorption by intestinal 
microorganisms. 
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Table 2 . 7 .  !h2:£eperrlent enzyrres 
Enzyme Sa.Jrce ani Salient Features * 
Dehydratases 
glycerol 
diol 
MUtases 
glutamate 
Lactobacillus sp. , enteric bacteria 
glycerol-inducible 
role in anaerobic catabolism of glycerol 
require �, NH4 +, Rb+, or Tl +, -SH reagent 
( 1 , 48 , 138 , 163 ) 
Clostridium tetancm:m:ilU!!I, 
Prg?ionibacterium arabinosum 
inactivated by -SH reagent 
(138 , 153 )  
methyllnalonyl � 
Prg?ionibacterium shennanii,  man, animals 
inIJortant in branched chain amino acid (Val , 
Ile) catabolism 
no metal ion required 
(130 , 138) 
a-methylene-glutarate 
Clostridium barkerii 
nicotinate-inducible 
no metal ion required 
(138) 
leucine 2, 3-amino 
D-a-lysine 
rr,8-lysine 
ornithine 
other 
bean seedliIgs, animals, bacteria 
Clostridium sticklandii 
require ATP, pyridoxal IilOSIilate, �, �+, 
ani -SH reagent 
(7, 138) 
--ribonucleotide reductase 
Lactobacillus sp. , �. sticklandii, £;. coli, 
�. t:et:anc:trorJ;um, Rizobium, Euglena, 
E. shennanii 
nx:maner, requires thioredoxin, ani 
thioredoxin reductase 
(11 , 137 , 138 )  
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ethanolamine deaminase 
Synthetases 
methionine 
acetate 
other 
rNA n-ethylase 
Clostridi\.UII sp. + };. coli,  enteric bacteria 
require J(+", NH4 or Rb 
inactivated by -SH reagents 
(6 , 138) 
man, bacteria, birds 
involved in Met biosynthesis 
(138 , 156) 
rrethanogens 
n-ethyl donor is N5-methyltet;ahydrofolate 
require CcM, ATP, �+ or Mn2+ 
(138) 
Clostridi\.UII sp. , Acetd:lacteri\.UII sp. 
Irethyl donor is NS-methyltetrahydrofolate 
require CoA, TPP, ATP, FE2+, an:l �+ 
Nickel corrinoid 
(86) 
P. shermanii 
iethyl donor is S-adenosyl methionine 
(138) 
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Fig. 2.4.  Generalized stoichianetry for adenosylcobamide 
mediated carbon skeletal rearraI'XJements .  
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One possible explanation for the cofactor requirements 
determined for desrrolase activity in s;; . scindens cell extracts 
is that NAD+ and metal ions might seJ:Ve as cofactors and/or 
substrates for enzymes involved in coenzyme B12 biosynthesis. 
'Ihis interpretation assumes that coenzyme B12 may have been 
degraded during dialysis in buffer containing EIJI'A, although the 
nature of coenzyme B12 degradation in the presence of ElJI'A is 
unknown . B12 biosynthesis is one of the most complex 
biological pr=esses Icrlam (72,138). Most enzymes involved in 
biosynthesis have not been characterized. However, one of the 
last reactions, the incorporation of the nucleotide base , e.g. , 
DBI or adenine, into the co=inoid has been reported to be 
stinulated by NAD+ in cell extracts of Clostriditnn sticklandii 
and Propionibacteritnn shermanii (49,170). '!he proposed sequence 
of the last steps in - B12 biosynthesis are shown in Fig. 2. 6. In 
step 1, NAD+ is hydrolyzed by a nucleotidyl phosphodiesterase to 
give nicotinamide mononucleotide (NMN) . A widely distributed 
NMN deamidase fourrl in S;; . sticklandii, £; .  coli, and Azotobacter 
vinelandii converts NMN to I'-nicotinate monomucleotide (N"MN) in 
step 2. '!he base in the various B12 analogs is attached to the 
ribose phosphate donor (N"MN) by an unusual N-a-qlycosidic bond, 
rather than by the N-I'-qlycosidic bond fourrl in nucleic acids 
and CCIl1!IX)n nucleotides. '!his reaction is catalyzed by a trans­
N-qlycosidase (step 3) to give an a-ribazole-5 ' phosphate 
compound (45,46 , 49). '!he final steps require ribosomal proteins 
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(12 , IS ,  U8 arrl 125) , ATP , Gl'P arrl the incomplete =binamide 
( 114 , 171)  to substitute the a-ribazole-5 'phosphate nucleotide or 
a-ribazole nucleoside (at the 3 ' C of ribose) with GDP 
cobinamide. various micobes, including £? shenMIlii arrl �. 
sticklarrlii,  are used in guided biosynthesis of B12 analogs 
because they have the capacity to excise the nucleoside from a 
complete ==inoid arrl introduce another prefonned a-ribazole 
( 12 8 ) . Ha.vever, nothirxJ is known about the properties of the 
enzymes involved in these base exchanje reactions because they 
have not been studied in vitro. 
'Ihe foregoirxJ discussion is an interpretation of how NAD+ 
could be involved with B12 biosynthesis in cell extracts of �. 
scindens . It is unknown if �. scindens =ntains the necessary 
three or four enzyITes, L e . , nucleotidyl phosphodiesterase , NMN 
deamidase, trans-N-glycosidase anjjor a base-exchange enzyme . 
In addition, this explanation assumes a free base arrl an 
available ==inoid are present in dialyzed cell extracts . 
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Fig. 2 .  6 .  Proposed sequence of the final steps in coenzyme 
Bu biosynthesis. 
1. NAD+ rrucleotidyl ) NMN + 5 I AMP �esterase 
3 .  
4 .  
S .  
6 .  
NaMN + NH2 
Base + NaMN trans-N ., a-ribazole-S I P + ni=tinate + W-. glycosidase 
COOinamide + ATP ----+ cobinamicie-P + ADP 
COOinamide-P + Gl'P -- GDP-cd:>inamide + PPi 
GDP-cd:>inamicle + a-ribazole-S ' P  __ vitamin Bu S ' P  
+ Q1P 
7 .  Vitamin Bu S ' P  !Xlos!Xlatase I vitamin BJ.2 + Pi 
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with regard to the possible physiological significance of 
the desrrolase reaction to the £:;. scindens , it is =nceivable 
that an aldehyde would be generated fran intraJrolecular 
rearrangemant and cleavage of the steroid side chain. 'Ibe 
aldehyde could either be reduced to an alcohol and use reducing 
equivalents or be oxidized through substrate level 
phosphorylation reactions to generate ATP and a carboxylic acid. 
'Ihe desrrolase enzyme a� to show a preference for only 
17a , 21-clihydroxysteroids as substrates-: It is U!'1kna.vn if this 
specificity is illlportant in terms of the chemistry of the 
cleavage reaction or is merely a structural =nstraint for 
binding of steroids differing at C-21 to the enzyme. 'Ibis type 
of cleavage reaction has not been described arrong the 15 
characterized �2-deperrlent enzymes, many of which have been 
isolated from other clostridia. Investigations are underway to 
=nclusively detennine if desrrolase is indeed a B12-deperdent 
enzyme. Experiments with previously established inhibitors of 
B12-deperrlent reaction will be evaluated, e . g .  intrinsic factor 
and propyliodide, followed by attempts to re=nstitute enzyme 
activity. Attempts to inactivate the =enzyme with light will 
be made . M:Jre assays with combinations of =factors will be 
=rrlucted to detennine if metals or other =enzymes are required 
for optimal desrrolase activity. 'Ibe nature of the 2-cartxlTI 
fragment will be investigated by derivatizing the reaction 
products with 2 , 4-dininitrophenylhydrazine, followed by 
separation of the resulting derivatives and identically treated 
authentic standards by TLC or no:rmal phase HPIC .  Convenient 
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purification of the enzyme might be possible using affinity 
chromat.ograIXtY with B12-Sepharose. 
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III . PURIFICATION AND CHARACTERIZATION OF 2 0a-HYDROXYSTEROID 
DEHYDROGENASE FROM CLOSTRIDIUM SCINDENS 
MATERIAIS AND METHODS 
A .  Growth and Harvest of C .  scindens 
Cells were grown in I-liter of Brain Heart Infusion-
cysteine medium ( BHIC) , pH 7 . 0 _- 7 . 2 ,  as previously described 
( 7 9 ) . After overnight incubation at 3 7oC ,  500 ml of the 
starter culture was added to each 3 -l iter batch of BHIC . 
CUltures were induced to synthesize 2 0a-HSDH and desmolase by 
the addition of cortisol dissolved in ethanol at the time o f  
inoculation and a t  1 . 5  h r  intervals during growth to give a 
final steroid concentration of 0 . 2  roM .  Growth was monitored 
with a Klett-Summerson Colorimeter (No . 66 red filter ) . Cells  
were harvested at 1 3 0  Klett units by centrifugation at 8 0 0 0  x 
g for 10 min at 4 °C .  Cel l pellets were washed once with 
anaerobic 20 roM sodium phosphate buffer (pH 6 . 8 )  containing 
2 0% glycerol (v/v) and 10 roM 2-mercaptoethanol .  Cell s  were 
frozen at -2 0°C until used . 
B .  Enzyme assays 
1 . Reverse phase Assay for 2 Qa-HSDH. The standard 
reaction mixture used in the prel iminary studies with cel l 
extracts was as follows : 1 . 0  mg dialyzed cell extract , 1 �mol 
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NADH , 0 . 5  �mol MnCl2 ' 7 5  nmol cortisol , 50 �mol sodium 
phosphate , pH 7 ,  10 roM 2-mercaptoethanol and 5% CH3 CH2oH 
(v/v) , in a final volume of 1 . 0  ml . Incubations were carried 
out in argon evacuated tubes fitted with serum stoppers for 1 0  
min a t  37oC .  These conditions were modified a s  described 
below when kinetic studies of the purified 2 0a-HSDH showed 
that steroid reduction was profoundly inhibited by the NADH 
concentration used in earlier studies . Results of pH studies 
indicated that the reductive reaction was optimum at approx . 
pH 6 . 3 .  In addition , the concentration of HCl used to stop 
reactions was reduced from 0 . 5  N to 0 . 1 N when it became 
apparent that steroid decomposition was a s ignificant problem 
in control reactions . Throughout the purification procedure , 
2 0a-HSDH was assayed in the reductive direction using the 
following standard reaction mixture : 100 nmol NADH , 50 nIDol 
steroid substrate , 80 �mol sodium MES , pH 6 . 3 ,  5% ethanol 
(v/v) , 10  roM 2 -mercaptoethanol and enzyme preparation in a 
total volume of 1 ml . Samples were incubated under an argon 
atmosphere for 1 0  min at 3 7oC .  The reactions were stopped by 
the addition of 0 . 5  ml of 0 . 1 N HCl . 
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2 .  Spectrophotometric assay for 2 Qa-HSDH. Purified 2 0a­
HSDH activity was also monitored using a continuous spectro­
photometric assay following the aerobic oxidation or reduction 
of pyridine nucleotide cofactors with a Shimadzu 16 0  uv­
Visible Spectrophotometer . The slope of the initial l inear 
change in absorbance at 3 4 0  nID as a function of time was used 
to quantitate enzyme activity ( e340 6270 M
-1 . em-I) at 37Oc. 
'!he assay mixtures (1. 0 ml total volume) =ntained steroids 
an::l pyridine nucleotides as in.:licated, 5% ethanol (v Iv) an::l 80 
JLIlDI MES l::uffer, FH 6 . 3  or 80 JLIlDI Tris-HCl l::uffer, FH 7 . 9 to 
ncni.tor pyridine nucleotide oxidation or reduction, respec­
tively. steroid� NAIF! oxidation was linear with 
tilre an::l enzyne =ncentration, only when using relatively high 
aJOClllIlts of purified enzyne (20-25 J.I9Iml) (See Fig. 2 . 1 . ) . 
stoichianetric analysis revealed that NAIF! =rlSllIIption by the 
purified 2Da-HSIE in aercbic assays correspon:l.ed to the annmt 
of 2oa-cIihyd=rtisol produced fran cortisol in anaercbic 
assays on an equjJ:oolar basis. '!he sensitivity of the 
spect:rc:plotanic assay was not sufficient for detection of 
2Qa-HSIE activity until the final step of the purification 
protocol because of a high backgro.1rd of en:logenrus NAIF! 
oxidation. Least mean squares fit of kinetic data were 
obtained with a Hewlett-Packard lle progranrnable calculator. 
In all cases, the criteria for linearity deperrled on a 
correlation coefficient of 0 . 98 or above. 
Enzyme units. '!he anount of the enzyne activity transformin:J 
1 rmol of steroid per min under the stated con:litions was 
defined as 1 unit of 2Qa-HSIE activity. '!he specific activity 
was expressed as units per ng of protein. 
e. PUrification of 2Da-HSIE 
1 .  8J.ffers. '!he l::uffers used were (A) 20 l!'M sodiun 
�te, FH 7 . 0 ,  15% glycerol (vjv) , (B) Buffer A an::l 0 . 1  M 
NaCl , (e) Buffer A an::l 0 . 3  M NaCl , (D) 20 l!'M sodiun �te, 
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Fig. 3 . 1 . Linearity with time am protein. 
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FH 7 . 0 ,  20% glycerol (vjv) , (E) 20 11M soditnn �te, FH 
6 . 5 ,  0 . 1  M NaCl , 15% glycerol (vjv) , (F) 20 11M soditnn tilOs­
Iilate, FH 6 . 0 ,  0 . 1  M NaCl ,  10% glycerol (vjv) , ani (G) 20 11M 
soditnn J;ilosIi'late, FH 6 . 0 ,  0 . 3  M NaCl, 10% glycerol (vjv) , each 
contai.nin:] 10 11M 2-mercaptoethanol ani 0 . 5  11M IMSF. Slffers 
were made anaercbic by boilin;J ani then coolin;J urxier nitrogen 
gas at 4Oc. All procedures, except: load.irg an:l elutin;J HPI.C 
columns, were carried cut at 4Oc. 
2 .  Preparaticn of cell extracts. Cells (15 g wet weight) 
were suspen:ied in a minimal volume of buffer A. '!he cell sus­
pension was passed twice throogh a pre-chilled Frendl Pressure 
Cell (14 , 000 psi) an:l centrifuged for 10 min at 12 , 000 x g. 
'!he supematant fluid was centrifuged at 105 , 000 x g for 2 hr. 
3 .  lE\E�ulose batch. '!he 105 , 000 x g supernatant 
fluid was awlied to a DFAE-cellulose column (2 . 5  x 1 .  6 em) -
2 . 5  g DE-52 - previoosly equilibrated with buffer c. '!he 
column was washed with 3 bed volumes of Slffer C to elute 
unbcurrl protein. SOlid (NH4) 2S04 (25 . 8  gjdl) was added to the 
column eluate to achieve 45% saturation, while mai.ntainin:J 
awrox. FH 7 . 0  with 1 N anm:mitnn hydroxide. '!he suspension 
was stirred for 45 min an:l centrifuged at 27 , 000 x g for 10 
min. '!he supernatant solution was adjusted to 75% saturation 
by the addition of solid (NH4) 2S04 (19 . 0  gjdl) , stirred an:l 
precipitated as above. '!he 45-75% saturated pellet was redis­
solved ani dialyzed against buffer B, 3 x 1 . 5  liters .  
4 .  lE\E�ulose ooluon dlrcIDat:cgraJt. '!he dialyzed 
proteins were awlied to a column of DFAE-cellulose (13 x 2 . 6  
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an) - 35 g DE-52 - equilibrated with buffer B. '!he colUIml was 
washed with two bed volumes of buffer B arrl then eluted with a 
400 ml linear gradient of buffer B arrl buffer C ( 0 . 1  - 0 . 3  M 
NaCl, Pi 7) at a flCM rate of 0 . 4  ml/min. Fractions (3 . 2  ml) 
were collected arrl assayed for enzyme activities as described 
al:x:Ne. Fractions 35-57 con1:ainin;J the peak of 2oa-HSIE activ­
ity were pooled, precipitated by 75% (NH4) 2504 arrl dialyzed 
against buffer D, 2 x 1 .5  liters CNer 16 hrs . 
5 .  CiJJacral blue affinity c:hn:IIBtogra(:. '!he dialyzed 
proteins were stirred with 15 ml of cibacron blue agarcse 
previoosly equilibrated with 9.lffer D for 1 hr. '!he gel 
slurry was poured into a colUIml (2 . 5  x 1 . 6  an) arrl was washed 
with 9.lffer D at a flCM rate of 0 . 15 mljmin. 2oa-HSIE activ­
ity was eluted with 1 lI'M NAD+ in 20 ml of 9.lffer c. '!he 
NAD+/0. 3M NaCl eluate was concentrated with an Amican 
centriprep 10 concentrator. 
6 .  Gel filtraticn HPIC. Con::entra.ted protein was awlied 
in 1 . 0  ml portions to a GF-250 COlUIml equilibrated with buffer 
E .  '!he colUIml flCM rate was 0 . 75 mljmin arrl 0 . 5  min fractions 
were collected. '!he peak of 2Qa-HSIE activity in fractions 
22-25 was pooled. 
7 .  IEAE HPIC. Protein was chranatograI=he.d on a DFAE-3SW 
colUIml equilibrated with buffer F. '!he colUIml was clevelc:ped 
with buffer G at a flCM rate of 0 . 75 ml/min. '!he gradient was 
PI:tx)I:dlllleJ. for 0-25% 9.lffer G in 5 min arrl 25-100% 9.lffer G 
CNer 75 min. '!he �ified enzyme elutin;J at awrox. 42 min 
(230 lI'M NaCl) fran DFAE-HPLC was concentrated with an Amican 
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Centri=n 10 microconcentrator into 50 IlM sodimn ��te, pi 
6 . 8 ,  =nt.a.ininJ 10 IlM 2-mercaptoethanol am 50% glycerol 
(v/v) , am stored at -20Oc. 
8 .  PJ:otein det:.em:inatial. Proteins were measured by the 
spectJ:qiIotaneic method of Kalb am Bernldlr (68 ) . In 
m::>nitorin;J column c:hranatograrhy effluents, the absorl:lance at 
280 nm was taken as an estimate of the protein concentration. 
D. B?lyacrylamide Gel Elect:romoresis 
1.  SIE-PllGE. Proteins present in sanples fran each step 
of p.trification were analyzed by SO:;-polya�lamide gel 
elect.rcploresis as described by Laerrmli (71) . Proteins were 
stained with 0 . 25% Coanassie Brilliant Blue R-250 . '!he 
subunit IIDlecular 'Height of 20a-HSIH was determined by 
interpolation fran a plot of Rf values for known IIDlecular 
'Height stardards (Biorad) . 
2 .  Ncn-denatur:in:J PllGE. PUrified 20a-HSIH was 
elect.rcploresed on 7-30% polya�lamide slab gels (pore 
gradient elect:rqXloresis) in the absence of SO:; usin;J an 
adaptation of the procedure described by Fhamacia (115) . 
Protein sanples were dissolved in or equilibrated with an 
equal volume of 4X running buffer containin;J 40% glycerol 
(v/v) ani 0 . 01% b�l blue. '!he st.anJard proteins used 
for calibration of gels am the IIDlecular 'Heights assumed for 
them were as follows: egg albumin (MW 43 , 000) ; bovine sermn 
albumin I!DllC1IIer (MW 67 , 000) , di.Jrer (MW 120 , 000) ; .E coli 
alkaline �tase (MW 94 , 000) ; beef liver catalase (MW 
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240 , 000) ; jack bean urease trimer (MW 272 , 000) , hexamer (MW 
575 , 000) . The gels were elect:J:q:horesed for 16 hr at 150 V, 
constant voltage at 40c in 90 11M Tris, 8 11M boric acid, 2 . 5  11M 
EDI'A, FH 8 . 4 .  Proteins were visualized by Coanassie Brilliant 
Blue st.ainin:;. 
E. Chemicals 
The followirg dlemicals were purchased: Unlabelled 
steroids, steraloids Inc. , Wilton, N.H. , ani Sigma Chemical 
Co. , st. Ialls, M:>. ; [ l , 2-3H] cortisol (40 . 6  Ci/lIIIDl) , 
Amersham Col:}); HPIC solvents, amtick ani Jackson; Brain 
Heart Infusion medium, Difco; protease inhibitors, Boehrirger 
Mannheim; pyridine nucleotides, Rlannacia P-L Biod1emi.cals; 
DEAE-cellulose (DE-52 ) , Whatman; Ciliacron Blue agarose , 
Pierce; IIDlecular weight st:arrlards , Bio-Rad. E. coli alkaline 
�tase was kin:Uy provided by Dr. Jan F. Oll.ebowski ani 
Nancy Ulbran:it . '!he Altex Ultrasrnere 0C6 reverse I=hase 
column (4 . 6  nm x 15 an; 5 m particle packi.rg) ani the 
SIiJerogel 'IM TSK DEAE-3SW (7 . 5  nm x 7 . 5  an) column were 
obtained fran Beckman Instruments . '!he Zomax GF-250 HPIC 
column was fran LUFOnt . 
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A. Purification of 2oa-HSrH 
5;. scirrlens contains steroid iniucible 2Da-HSrH am desnD­
lase activities (79) . Both enzymes showed maximal specific 
activities in cells harvested in the early logaritlnnic );ilase 
of growth. 2Da-HSrH was separated clearly fran desnk::llase 
usin:] DFAE-cellulose chrana.tograply (Fig. 2 . 1) . '!he 
procedure for p.lri.fication of 2oa-HSrH is surmnarized in Table 
3 . 1 . Crude soluble extract protein (2 . 6  g) was obtained fran 
large scale anaerOOic culture (18 liters) yieldiIg 15 g of 
cells (wet weight) . A 252-fold pJrification provided 1. 4 ng 
of pJre 2oa-HSrH with a specific activity of 282 IlIOOljmirVng 
of protein (measured with cortisone by RP-HPI.C assay) am a 
14% recovery. 
'!he key steps in the pJrification of 20a-HSrH were anion 
� am affinity chrana.tograply. Initial bulk separation 
by conventional DFAE-cellulose chrana.tClgra!ily (step 3 )  gave a 
5-fold pJrification. Despite the considerable loss of enzyme 
units at this step, it was deemed necessary to ren¥JVe 260 run 
absorbin:] materials which interfered with the birrliIg of the 
enzyme to Cibacron blue agarose . Affinity absorption chrana.­
tograply proved to be the IOOSt effective step, providiIg a 
l3o-fold pJrification a<ler the preceding step with an 80% 
r:ecr::Nery of activity (step 4) .  Subsequent pJrification to 
awarent haoogeneity was achieved usin:] gel filtration-am 
DE'AE-high perfonrance liquid chrana.tClgra!ily at Pi 6 (steps 5 
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Table 3 . 1 . Purification of 2Qa-HSili fram Clostridium scirxlens 
Pur i f i ca t i o n  T o t a l  S p e c i f i c  Total Yield Pur i f i c a ·  
S te p  P r a t e  in activi tya ac t iv i ty c io n  fac t o r  
!!l& l1nllUm& !!nW ! - fold 
1 .  1 0 5 , 000 x. 
c e l l  extract 2 5 6 5  1 . 1 2 2 8 7 2  1 0 0  
2 .  D EAE - C e l lu l o s e  
bacch . 4 5 - 7 5 %  
( NH4 ) 2 S 04 1 2 2 3  2 . 1 1 2 5 8 0  9 0  1 . 9  
) . D EAE - c e l lu l o s e  
chromato graphy , 
pH 7 1 5 5  5 . 6 2 8 7 1  ) 0  
4 .  C ibacron b lue 
NADjO . ) M NaC l 
e luate 4 . 7 3 1 4 6  6 9 1  2 4  1 3 0  
5 .  C e l  f i l tration-
HPLC ) .  04 1 7 5  5 3 2  1 9  1 5 6  
6 .  DEAE- HPLC . 
pH 6 .  a 1 . 4 3 2 8 2  40 3 14 2 5 2  
a1  unit - nmo l/min/mg p r o t e i n  
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an::i 6) • 
B. M::llecular Weight Detennina.tion 
A saxrple fran each stage of p.1I'ification was electro­
phorese:l on SOO-polyacrylamide gradient gels (Fig. 3 . 2 ) . '!he 
p.1I'ified protein resolved as a single band of Mr 40 , 000 Z. 
2000 . When the p.1I'ified protein was subjected to pore gradient 
gel elect:rqiloresis at IiI 8 . 4 urxler non-denaturing 0Cll'rli tions, 
a single band was detected with a relative nolecular 'iVeight of 
162 , 000 , when gels 'iVere stained for protein (Fig. 3 . 3 ) . '!he 
elution position of 2CJa-HSm activity on gel filtration-HPLC 
corresporrled to a relative nolecular 'iVeight of 158 , 000 (data 
not shown) . '!he agreement aIlDn::J the nolecular 'iVeight esti­
mates obtained by SOO-P1\GE, po�dient electrq::tlDresis an::i 
gel filtration is consistent with a native enzyme of nolecular 
'iVeight 160, 000 ± 2000 containing 4 subunits of identical 
nolecular 'iVeight. 
c. stability of 2CJa-HSm Activity 
'lhroughout the develcpnent of a p.1I'ification protocol, the 
awarent instability of the 2CJa-HSm activity posed consid­
erable difficulties. All buffers 'iVere prepared anaerobically 
an::i contained 2-mercaptoethanol in order to maintain a reduced 
oxygen tension during chranatograP'ly. Glycerol (10 to 20%) 
was also included in all buffers to prevent a large loss of 
enzyme activity (>99%) . COncentration of enzyme solutions 
im:nediate1y following each chranatograP'ly step was required to 
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Fig. 3 . 2 .  Protein profile of 2Cla-HSrH p.u-ification analyzed 
by gradient (10-20%) SOS-PAGE. Proteins 
were stained with Coanassie Brilliant Blue. lane 
A, soluble cell extract (80 pg) ; lane B, DEAE­
cellulose batch am 45-75% (NH4) 2S04 fractionation 
(80 pg) ; lane C, pooled fractions fran DEAE­
cellulose dlrana�, I1I 7 . 0  (80 pg) ; lane D, 
protein eluted fran Cibacron blue agarose with 1 . 0  
11M NAD+ (20 pg) ; lane E,  pooled fractions fran GF-
250 gel filtration =lUllU'l (20 pg) ; lane F, p.u-ified 
2Cla-HSrH fran Alte.x DEAE-3SW DEAE =lUllU'l, I1I 6 (5 
pg) ; lane G, molecular weight stan:lards . !oDlecular 
weight rarxJe is given on the ordinate. 
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Fig. 3 . 3 .  r.Dlecular weight estimate of 2Qa-HSIE analyzed by 
exponential (7-30%) non�tur:in;J pore gradient 
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elec:t.Iq:horesis . Protein st.aroards were egg albmtin, 
bovine serum albmtin (non:mer an:i climer) , £;. mil 
alkaline {Xlosphatase, beef liver catalase an:i jack 
bean urease (trimer an:i hexamer) . Relative nd:>ility 
= distance protein migrated/distance to the front. 
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retain activity. '!be enzyrre was stable when the � of solu­
tions was maintained between � 6 to 7 at 4Oc. No enzyrre 
activity was detectable after a sin;Jle freeze-thaw of the 
enzyrre at any stage. '!he purified enzyrre remained stable for 
several days when stored at either 40c or -20Oc in 
concentrations of >500 ng protein per ml in 0 . 05 M �te, 
50% glycerol, 10 11M 2-mercaptoetharXJl, � 6 . 8 .  
D .  FH Optinlllu 
'!be � cptima of the enzyrre were determined in the 
oxidative and reductive directions usin;J overlawin;J buffers 
between � 4 and 10 at 0 . 1  M: citrate, MES ,  sodium �te, 
M:>PS , Tris-HCl, and CHES . steroid reduction, as measured by 
the formation of 2oa-dihydrocortisol with NAm (0 . 1 11M) as co­
substrate, was d::lserved within the � ran:JE! 5 . 4 - 7 . 6  with 
maximal activity fcmxi between � 6 . 0  - 6 . 5  usin;J either MES ,  
M:>PS or sodium �te buffers. Steroid oxidation, as 
measured by the formation of =rtisol with NAD+ (1 . 0 11M) as 
co-substrate, was cbserved over a broad � range of 6 . 3  to 9 . 0  
with an qltinlllu arcmxi � 8 with Tris-HCl. 
E .  steroid SUbstrate Specificity of Purified 2oa-HSrH 
'!be relative reaction velocity of purified 2Oct-HSrH for 12 
steroids is shown in Table 3 . 2 .  Of the steroids tested, 
=rtisone was reduced IroSt rapidly. '!be other =rti=steroids 
tested with 17a , 21-dihydroxy groups were all good substrates; 
hc7./ever, the activity of the enzyrre with steroids differin;J at 
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Table 3 . 2 .  steroid substrate specificity of purified 2Qa-HS1:H 
fran c. scimens 
steroid 
1 Cortisone 
2 Cortisol 
3 11-Desoxy=rtisol 
4 Dihydrocortisol 
5 Corti=terone 
6 Cortisol-21-�te 
7 Pregnenolone 
8 Progesterone 
9 17a-Hydroxyprogesterone 
10 Cortisol-21-acetate 
11 Deoxycortioosterane 
12 4-Arx:lrostene-1IP-oI-3 , 17-dione 
Relative 
Velocity* 
100 
42 
50 
35 
6 
6 
6 
4 
4 
4 
1 
<1 
*'Ihe initial velocities of the enzyme catalyzed oxidation 
of NAIl! were detennined spectl:'oJ;hotatrically at 340 nm. '!he 
reactions were initiated by addition of purified enzyme (25 
J,Ig) to 1 . 0  ml reaction mixtures containin;J 0 . 08 M sodium MES ,  
Pi 6 . 3 ,  20% glycerol (v/v) , 5 0  J,JM steroid, 5% ethanol (v/v) 
am 0 . 1  11M NAIl! at 37Oc. All values are the means of 3 to 4 
detenninations. Assay detection limit was approx. 1% of the 
velocity of cortisone reduction. 
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the C-11 position was less than that OOse.l:ved with =rtisone 
(CciTpare CCl1p:A.Il'rls 1 with 2-4) . '!he enzyme showed carparable 
activity with 17a , 21-ilihydroxysteroids haviIg the 3-keto-4-ene 
=figuration (CCl1p:A.Il'rls 2 am 3)  am with steroids saturated 
in riIg A with 5,B-hydrogen (A-B-riIg junction cis) . '!he 
enzyme was nuch less reactive with 21-hydroxysteroids lacJdn;J 
the 17a-hydroxy gra.Ip (CCl1p:A.Il'rls 5 , 7 , 8  am 11) . C21 steroids 
with the 17a-hydroxy gra.Ip which have either a �te, 
methyl, or acetate gra.Ip at C-21 (CCl1p:A.Il'rls 6 ,  9 ,  am 10, 
respectively) 1N'ere also poor substrates. '!he purified enzyme 
has no detectable 17-hydroxysteroid oxidoreductase activity 
towards 4-androstene-11-,B-ol-3 , 17-dione. 
F. Kinetic Parameters am PYridine NUcleotide Specificity 
Table 3 . 3  shows kinetic constants am maximal velocities 
for substrates of 20a-HSIH fran g. scirrlens. Initial 
velocities 1N'ere measured by varyiIg the =ncentration of one 
substrate at the highest non-inhibitory =ncentration of the 
=-substrate. !<in am Vmax values for each substrate 1N'ere 
calculated fran the linear portion of each Lineweaver-aJrk 
plot (83) . '!he purified enzyme catalyzed the reduction of 
=rtisol utiliziIg either NAIR or NADPH as CD-SUbstrate. 
However, when NADPH was examined as =-substrate un::ler optinum 
=n::litions for reduction of =rtisol by NAIR, the reaction 
rate OOse.l:ved was <50% of that with NAIR, iIrlicatiIg that NAIR 
was the preferred pyridine nucleotide. In the oxidative 
direction, the !<in-values for 20a-dihydrocortisol am NAD+ 1N'ere 
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Table 3 . 3 .  Kinetic constants for purified 2Cla-HSIH 
SUbstrate � V max 
Variabl� Constantb f../M nmol/mirVnq 
NAIH Cortisone 8 . 1  270 
Cortisone NAIH 22 280 
Cortisol NAIH 32 110 
NAD+ 2 Cla-Oihydrocortisol 526 180 
2Cla-Oihydrccortisol NAD+ 41 200 
asuhstrate concentrations were varied (1-450) f../M NAIH, 5-
100 f../M steroids, 0 . 05-2 . 0  11M NAD+) with a minimum of 6 
concentrations used. 
bsubstrate kept constant (100 f../M NAIH, 50 f../M cortisone, 
100 M cortisol, 1 11M NAD+, 100 f../M 2Cla-Oihydrccortisol) 
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41 JiM ani 526 JiM, respectively) . 'lhe Km-value for NAIR was 
8 . 1  JiM usin:] =rtisone as the steroid substrate. At =ncen­
trations greater than 0 . 1  lIM NAIR was fcx.md to inhibit the 
rate of =rtisone re:luction (Fig. 3 . 3 ) . Although the maxim..nn 
velocity of the re:luction of =rtisone is 2 . 4  times faster 
than the re:luction of =rtisol in the preserx::e of NAIR ( 0 . 1  
lIM) , the enzyme shCl'Ne.d similar affinities for each steroid 
substrate (Km-22 JiM ani 32 JiM, respectively) . 
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Fig. 3 . 3 .  Det:enn:ination of the � F!n-value for NAIE . 
NAIE saturation curve (inset) arxi Lineweaver-Burk 
plot showin:J the effect of NAIE ( 1-450 J.IM) on 
reaction vel=ities as measured specLLq;:ho­
tanetrically at 340 nm. An apparent � of 8 J.iM 
NAlli was obtained fran the linear portJ.on of the 
Lineweaver-&lrk plot by linear regression; r = 1 . 0 ,  
usirxJ data points at 1 ,  5 ,  10 , 2 0 ,  25 , 40 , 50 , arxi 
100 J.iM NAlli. '!he saturation curve was fitted usin; 
5th order polynanial regression analysis with a 
sigmaPlot program (Jarxiel Scientific, sausalito, 
CA) • 
2 5  
- C . 2 S  - 0 . 1 5  - 0 . 0 5  0 . 0 5  0 . : 5 
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DISaJSSION 
�. scin:lens is the only bacteriUlll isolated known to 
catalyze 2oa-hydroxyste:roid oxidoreduction. '!he results of 
preli1n:inary studies in cell extracts were discussed in dlapt:er 
II. Briefly, (i) 3-keto-4-ene steroid substrates an::l. products 
were quantitated by solvent extraction follCMed by C18 RP HPI.C 
analysis; (ii) 2Da-HSrH an::l. clesnDlase activities were co­
irx:1uc:ible in C. scindens by the same 17a-hydroxyste:roids; 
(iii) 2oa-HSrH an::l. clesnDlase activities transfontai the same 
17a, 21-d:ihydroxycorticosteroids; an::l. (iv) 2oa-HSrH an::l. 
clesnDlase activities were separated by conventional anion 
exdlanJe chranatcgraphy. '!he results present in this dlapt:er 
describe the prrification an::l. partial characterization of 20a­
HSrH. '!he 1ID1ecular weight, sul::Rmi.t CCII'IpOSition, cofactor 
preference, substrate specificity an::l. kinetic constants for 
the best steroid substrates an::l. pyridine nucleotide cofactors 
were determined for prre 2oa-HSrH. A catparison of certain 
prq:lerties of the prre clostridial enzyme with those of 
eukaryotic enzymes , indicates that the �. scindens enzyme is a 
IXlV'el form of 2oa-HSrH. 
A catparison of the sul::Rmi.t 1ID1ecular weight of the 
clostridial 2Da-HSrH (Mr 40, 000) with those reported for the 
mamnalian 2Da-hydroxyste:roid dehyc1rogenases shows that these 
enzymes are essentially similar to eadl other in size. 
However, the active form of the clostridial enzyme , as 
determined by gel filtration an::l. native polyacrylamide gel 
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elec:t:rq::horesis, is apparently a tet:raJrer with a lOC)lecular 
weight of 160 , 000 . In contrast, the catalytically active fonn 
of 2oa--HSIH isolated fran rat ovary (118) , porcine testes 
(141) an:i rull testis (116) is reported to be a sin:;Jle 
polypeptide chain of � 36, 000 , 35, 000 , an:i 40, 000 , 
respectively; whereas, the bifunctional 17,B , 2Qa-HSIH fran 
human placenta is a dimer of � 68 , 000 (150 , 151) . 
'!he steroid substrate specificity an:i pyridine nucleotide 
requirement established for the clostridial enzyme differ fran 
all previoosly described 2oa-hydroxysteroid dehydrogenases. 
'!he purified clostridial enzyme is highly specific for 17a, 21-
dihydroxycorticosteroids an:i prefers NAIR over NADPH as co­
substrate. '!he liver is the major site of metabolism of the 
adreoocorticosteroid ho:rnones an:i the enzymes described in hog 
an:i rat liver show a similar steroid specificity, however, 
these enzymes are microsanal an:i NADPH-depen:ient (27 , 71 , 127) . 
With the exception of a soluble IIOlSe liver 21-hydroxysteroid: 
NADP 20a-ster0idoxidoreductase (29 , 80) , all other 2Qa-HSIH 
studied exhibit a selective specificity towards either 
progesterone, pregnenolone or their 17a-hydroxy derivatives 
(12 , 24 , 40 , 47 , 80 ,  106, 116-118 , 123 , 125, 136 , 152 , 160) . It has 
been reported that anx:Jn;J the enzymes whidl are reactive with 
21-hydroxysteroids, the substitutions at C-11 influence the 
relative rates of 20-keto reduction. A general increasin:;J 
velocity was observed with cortisol < 11-desoxycortisol < 
cortisone, an orner of reactivity similar to hepatic 2oa--HSIH 
(71, 80) . 
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'!he detenn:ination of kinetic properties of clostridial 
2oa-HSIlI was c:arplicated by substrate inhibition, at rela­
tively low =ncentrations, with each steroid ani pyridine 
nucleotide tested. '!he inhibition was observed in both the 
oxidative ani reductive reactions. In a 1955 report Marcus ani 
Talalay (90) discussed the � of substrate inhibition in 
tenns of the =ncepts ani equations of secorrl-order theories. 
'!hey observed substrate inhibition of steroid oxidation with 
hytlroxysteroid dehydrogenases isolated fran Pseudcmmas 
testosteroni . In many cases , this inhibition is likely a result 
of the limitations of steroid solubility in aqueaJS media (50-
100 lI'M) with the IX)n-polar progestational �. However ,  
with the highly water-soluble =rti=steroids used in this 
study, IX) eviden::e of insolubility was foorxi. SUbstrate 
inhibition does J'K)t IX)nnally oc=Jr at P1ysiological substrate 
=n::entrations (172 ) . Researchers of lactate dehydrogenase 
(UH) have deironstrated that inhibition of the l1I.IScl.e ani heart 
UH isozyIOOS reflect the upper limits to the in vivo levels of 
lactate ani pynxvate. However, the levels of NAIE present in 
the intact anaerOOic bacterium are on the order of 10-3 M 
whereas in vitro inhibition by NAIE was observed at levels only 
slightly above 10-4 M. While substrate inhibition is one of the 
best diagnostic tools to study enzyme reaction mechanisns , we 
were l.ll"Iable to prrsue these studies due to the small anrA.mts ani 
instability of the p.lrified 20a-HSIlI ciJtained . SUbstrate 
inhibition by NAIE has been documented with a variety of 
dehydrogenation systems (61, 145, 165) 
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IV. FURTHER BIOCHEMICAL CHARACTERIZATION OF 
20a-HSDH FROM CLOSTRIDIUM SCINDENS 
MATERIALS AND METHODS 
A .  Polypeptide Sequencing and Amino Acid Sequence Analysis 
A sample of purified protein ( 0 . 86 nrnol )  was prepared for 
amino acid analysis and N-terminal sequencing by extensive 
dialysis against 10 roM sodium phosphate , pH 6 . 8 ,  followed by 
lyophilization. The amino acid composition was determining 
using the following instrumentation : A WISP autosampler, Varian 
HPLC, SOTA ion-exchange column, Kratos post-column reaction 
system, Shimadzu flow-through variable wavelength detector and 
HP 3000 integrator. 
The amino terminus of � .  scindens 20a-HSDH (residues 1-11) 
was sequenced by Dr .  Robert B .  Harris (Dept . of Biochemistry and 
Molecular Biophysics , VCU-MCV) in an Applied Biosystems Model 
470A Gas-Phase Sequencer and the phenylthiohydantoin-derivatized 
amino acids were identified by ODS high performance liquid 
chromatography on an On-line Model 120A PTH Analyzer 
equipped with the Hewlett-Packard HP 3000 integrator. 
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B .  Glyceraldehyde-3-phosphate Dehydrogenase Assay 
GAPDH activity in partially purified fractions was 
monitored spectrophotometrically at 340  nm using the conditions 
described by the supplier adapted to 1 ml assay solutions (Sigma 
Chern. Co . , st . Louis , MO) . The substrate D-L glyceraldehyde-3-
phosphate (GAP) was generated from DL- glyceraldehyde-3-
phosphate diethylacetal , monobarium salt, according to the 
instructions of the suppliers (Sigma Chern . Co . ) .  The assay 
contained 100 �mol Tris , pH 8 . 5 ,  17 �mol sodium arsenate , pH 
8 . 5 ,  3 . 3  �ol L-cysteine HCl , pH 7 ,  20 �ol sodium fluoride , 3 . 3  
�mol /3-NAD, and approx. 300 nmol D-L GAP. 
C .  Two-Dimensional PAGE 
Isoelectric focusing and SOS polyacrylamide gel 
electrophoresis in the second dimension was carried out at 250C 
with the Biorad Ampholine electro focussing equipment as 
described by O ' Farrell (109 ) . 
D .  Preparation of Polyclonal Antibodies and western Blot 
Analysis 
Antibodies were raised in a white New Zealand rabbit against 
purified 20a-HSDH .  Prior to the initial injection o f  antigen , 
blood was withdrawn by ear stick using suction for the 
preparation of non-immune serum. Protein (75  �g) was emulsified 
in Freund ' s  Complete Adjuvant ( 1 : 1) and then injected in the 
hind legs . Maintenance inj ections were given ( 50 �g) every two 
months in Freund ' s  Incomplete Adjuvant, 10 days prior to 
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bleeding. 
Cell extracts prepared from cortisol induced and uninduced 
cuI tures ( 0 . 5  - 3 . 0  jJg) were separated by 50s-PAGE , transferred 
to nitrocellulose sheets using a Bio-Rad Immunoblot assembly, 
and immunostained with peroxidase ( 164 ) . The transfer and color 
development were done according to recommendations supplied with 
the Bio-Rad Immuno-Blot (GAR-HRP) assay kit . The blot was 
incubated for 2 hr with a 1 : 2 00 dilution of rabbit antisera . 
Blots were washed with Tween-Tris-buffered saline . A 1 : 3 000  
dilution of  goat anti-rabbit IgG coupled to  horseradish 
peroxidase was used as the second antibody. Prestained 
molecular weight standards (Bethesda Research Laboratories) were 
used to estimate relative mobilities of immuno-reactive 
proteins . 
E .  Oligonuclotide Probe Synthesis 
Oligonucleotides were synthesized with a Biosearch cyclone 
DNA synthesizer (Biosearch, Inc . , San Rafael , CA) . 
Oligonucleotides were deprotected by incubation at 550C for 6-12 
hrs in 1 ml of concentrated ammonia . The material was 
lyophilized and redissolved in 1 ml of sterile water. Approx . 
200  jJg ( 250 jJl) was streaked and chromatographed on a silica gel 
plate ( 250-jJm-thick layer with fluorescent indicator : J .  T .  
Baker Diagnostics , Bethlehem, PAl in a solvent system consisting 
of n-propanol-concentrated ammonia-water ( 55 : 35 : 10 ,  v/v/v) . The 
oligonucleotide bands were visualized under shortwave UV light, 
and the band closest to the origin was scraped off and extracted 
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twice with 1 ml of sterile water. The nucleotide concentration 
was calculated from the A260 nm . 
F .  Labelling of Oligonucleotides 
Synthetic oligonucleotides were labeled with [gamma_3 2p]  ATP 
( >  3 , 000 Ci/mmol ) with T4 polynucleotide kinase as described 
( 89 ) . Unincorporated label was removed with Nensorb 2 0  
cartridges (New England Nuclear Corp . , Boston , MA )  according to 
the instructions of the manufacturer . 
G .  Southern Blotting 
C .  scindens and Eubacterium sp . V . P . I . 12708 were grown to 
late log phase as previously described (79 , 175 ) . Genomic DNA , 
isolated according to the method of Marmur ( 9 2 ) , was digested 
with EcoR1 according to the suppliers specifications ( Bethesda 
Research Labs , Inc . , Gaithersburg , MO) . DNA restriction 
fragments from 0 . 8% agarose gels were transferred to a Gene 
Screen membrane (NEN Products , Du Pont , Boston, MA) as described 
by Southern ( 147) . Southern blots were hybridized to 2 x 106 
cpm/ml of 32P-Iabelled synthetic oligonucleotide probe overnight 
at 37°C in 6XSSC ( lXSSC = 0 . 15 M NaCI , 0 . 015 M sodium citrate , 
pH 7 ) , 1X Denhardt ' s  reagent , 0 . 05% sodium pyrophosphate ,  and 2 0  
�g/ml yeast tRNA. Blots were washed 4 times for 15 min at room 
temperature , twice for 15 min at 37°C ,  and once for 3 0  min at 
420C in 3XSSC and 0 . 05% sodium pyrophosphate ,  pH 7 .  Blots were 
placed in a cassete with Kodak X-RP film and Du Pont Cronex 
Lightning-Plus intensifying screen for 48 hr at -70°C before the 
9 1  
film was developed . 
H .  Preparation of C. scindens Library in Lambda gt11 
EcoRl digests of genomic DNA were size fractionated on a 
0 . 7% low melting point agarose gel using a standard size 
horizontal apparatus . A 1 kb ladder ( BRL) was used as size 
markers . DNA fragments in the desired size range ( 2-5 kb) were 
electroeluted onto a DEAE membrane as described by the 
manufacturer (Scheicher and Schuell NA-45 DEAE membrane ) . DNA 
fragments were washed 4X with 1XTE ( 10 roM Tris-HCl , 1 roM EDTA, 
pH 8 )  in an Amicon Centricon 10 microconcentrator . DNA 
fragments ( 0 . 2  J.IC1) and 0 . 5  J.IC1 EcoRl-digested lambda gt11 
dephosphorylated arms ( Protoclone System from Promega Biotech , 
Madison , WI )  were ligated with DNA ligase ( IBI) overnight at 
10oC .  The ligation mixture was packaged with the commercially 
prepared packaging extract for 2 h at room temperature . The 
packaged phage suspension was stored in 0 . 5  ml of phage dilution 
buffer ( 0 . 1  M NaCl , 0 . 01 M Tris , 0 . 01 M Mg S04 ' pH 7 . 9 ) and 2 5  
�l chloroform at 40C in the dark. 
I .  Lambda gt11 Plague Hybridizations 
.E .  coli recipient strain Y1090 ( 18 6 )  was grown on LB broth 
( 8 9 )  supplemented with ampicillin at 100 �g/ml and 0 . 02 %  
maltose . Bacteria were grown t o  �oo of 1 . 2  with shaking at 
3 70C (approx. 4 h) prior to phage adsorption in MgC12 ( 10 roM) • 
Phage were appropriately diluted to give 400 plaque forming 
units ( PFU) /plate . Lambda gt11 plaques were transferred to 
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nitrocellulose filters and lysed in situ as described by Benton 
and Davis ( 9 ) . Baked filters were prehybridized, hybridized , 
and washed as described by Woods ( 183 ) . Plaques were screened 
with the 32p-labelled mixed oligonucleotide probe ( 17-mer) 
corresponding to the N-terminus of 2 0a-HSDH at 370C for 3 6  hr .  
Filters were prepared for rehybridization with the specific 2 3 -
mer probe corresponding to a conserved region o f  the Eubacterium 
v. P. I .  12708 bile acid-inducible 27 K gene by washing in H2 0 
containing 1% glycerol at 8 00C for 2 min , followed by a few 
washes in H20 at room temperature ( 3 1 ) . The filters were 
hybridized at 420C for 36 h .  
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RESULTS 
A .  N-terminal Sequence Analysis 
The N-terminal sequence (residues 1-11)  was determined by 
gas phase sequencing to be Ala-Val-Lys-Val-Ala-Ile-Asn-Gly-Phe­
Gly-Arg . A computer-aided protein sequence homology search 
( FASTP) revealed striking homology between the N-terminal 
sequence of 2 0a-HSDH and several previously sequenced 
glyceraldehyde-3-phosphate dehydrogenases ( GAPDH) from a variety 
of sources (Table 4 . 1 ) . No GAPDH activity was demonstrated with 
purified 2 0a-HSDH . 
B .  Amino Acid composition 
As shown in Table 4 . 2 ,  amino acid analyses of non-alkylated 
samples revealed that the protein is rich in serine ( 14 molt ) , 
aspartate and asparagine ( 12 mol% ) , glutamate and glutamine ( 9  
molt ) , glycine ( 9  molt )  and alanine ( 8  molt ) . No methionine 
residues were detectable .  
c .  Two-dimensional PAGE 
The purified enzyme dissociated two protein bands by 
isoelectric focusing with isoelectric points approx . pH 6 . 1 , at , 
2 SoC in the presence of 8 M urea . Polyacrylamide gel electro­
phoresis in the second dimension indicated that these bands had 
the same molecular weight . These results are consistent with 
the existence of two different monomers which have the same 
molecular weight with a different net charge ( Fig .  4 . 1) . 
Table 4 . 1 . Comparison of the N-terminal amino acid sequence of 
� .  scindens 20a-HSDH with glyceraldehyde-3-phosphate 
dehydrogenases . 
8-sheet 
2 0a-HSDH 1 Ala Val Lys Val Ala lIe Asn Gly Phe Gly Arg 
BS 1 Ala Val Lys Val� Ile Asn Gly Phe Gly Arg 
TA 1 Met Lys Val ill.Y..Ile Asn Gly Phe Gly Arg 
BYl/BY2 1 Val MsLVal Ala lIe Asn Gly Phe Gly Arg 
BY3 1 He Arg Ile Ala Ile Asn Gly Phe Gly Arg 
PGM 1 Val Lys Val Gl:i Val Asp Gly Phe Gly Arg 
CH 1 Val Lys Val Gl:i Val Asn Gly Phe Gly Arg 
HUM 3 Val Lys Val Gl:i Val Asp Gly Phe Gly Arg 
LOM 1 AcSer Lys Ile � Ile A§p Gly Phe Gly Arg 
Abbreviations : 2 0a-HSDH , Clostridium scindens 20a-
hydroxysteroid dehydrogenase ; BS ,  Bacillus stearotherrnophilus 
( 10 ) ; TA, Thermus aquatica ( 6 4 ) ; BY1 ,  Baker ' s  yeast ( 67 ) ; BY2 , 
Baker ' s  yeast ( 66 ) ; BY3 , Baker ' s  yeast ( 6 8 ) ; PGM, pig muscle 
( 5 8 ) ; CH, chicken ( 3 5 ) ; HUM, human muscle ( 10 8 ) ; LOM, lobster 
muscle ( 3 0 ) . The number after each protein designation is the 
residue number of the first amino acid shown in that line . 
Established sequence differences are underl ined . 
9 5  
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TABLE 4 . 2  Amino acid composition of 20a-HSDH from c. scinden� 
Amino acid mol% 
Asp & Asn* 11 . 6  13 . 0  
Thr 3 . 8  5 . 8  
Ser 17 . 2  10 . 2  
Glu & Gln* 10 . 2  16 . 5  
Gly 13 . 4  4 . 1  
Ala 5 . 3  9 . 9  
Val 3 . 0  4 . 3  
Met None detected 
Ile 3 . 0  3 . 6  
Leu 5 . 5  7 . 0  
Tyr 4 . 2  4 . 1  
Phe 3 . 9 2 . 9  
His 5 . 0  5 . 1  
Lys 6 . 7  7 . 0  
Arg 6 . 6  6 . 3  
a Cys , Trp ,  and Pro residues were not estimated . 
*Amide residues were not determined . 
Fig . 4 .  1 .  Coomassie blue stained two-dimensional PAGE of 
purified 20a-HSDH .  
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D .  western Blot Analysis of Cortisol Induced and Uninduced 
C .  scindens Cell Extracts 
The purified enzyme innnunostained as a single band on 
western blots . However , two maj or innnuno-reactive bands of 
approx . equal intensity were observed in both cortisol induced 
and uninduced cell extracts ( Fig . 4 . 2 ) . The bands were more 
pronounced in the induced extracts than in the uninduced 
extracts . Innnunoabsorption of the anti-2 0a-IgG with uninduced 
crude extracts abol ished all detectable innnunoreactivity with 
pure 20a-HSDH and both cell extracts (data not shown) . The 
bands were estimated to have a molecular weight difference of 
2000 . The smaller band had the same mobility as pure 2 0a-HSDH . 
When samples from each stage of purification were innnunostained , 
two bands were present through DEAE-cellulose chromatography 
( Table 3 . 1 . step 3 ) . The larger band was not apparently 
adsorbed to Cibacron blue agarose (Table 3 . 1 . step 4 ) . To 
determine if the second band might be a precursor of 20a-HSDH 
that was proteolytically cleaved , extracts were extensively 
dialyzed in the presence of protease inhibitors ( 0 . 5  roM PMSF, 
mg/l leupeptin and 25 roM EDTA) . The same pattern of cross-
reactivity was observed . 
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Fig . 4 .  2 .  western blot of SOS-PAGE separated protein in 
cortisol induced and uninduced cell extracts from 
�. scindens using anti-2 0a-HSDH IgG . lanes : 1 ,  
purified 2 0a-HSDH, 0 . 5  j.£g ; 2 ,  cortisol induced 
100 
�.  scindens extract , 2 j.£g ; 3 ,  Un induced � .  scindens 
extract , 2 j.£g. Position of protein size markers 
are indicated in kilodaltons . 
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E .  Southern Blot Analysis of EcoR1 Digested C .  scindens and 
Eubacterium 12708 Genomic DNA 
Two 17-mer mixed ol igonucleotide probes of 32 -fold ( # 1 )  and 
16-fold ( #2 )  degeneracy corresponding to amino acid residues 3 
through 8 were synthesized (Fig .  4 . 3 ) . In preliminary 
experiments , the two probes which differ only at the third 
position of the lIe codon (residue #6 )  were hybridized with � .  
scindens DNA ( 2 0  �jlane) digested with various restriction 
102 
enzymes . No hybridization was observed with probe # 1 .  Probe # 2  
was found to bind two discrete bands i n  EcoRl � .  scindens 
digests ( approx . 3 and 3 . 5  kb) and one band in EcoR1 digests of 
Eubacterium 12708 DNA approx. 2 . 5  kb in size (Fig .  4 . 4 ) 
F .  Screening of Lambda gt11 Library 
The phage titer of the freshly prepared library was 
determined to be 2 . 5  x 105 PFUjO . 5  ml and contained 95% inserts 
( clear plaques) . Approx . 2 5 , 000 PFU were screened with 3 2_ 
labelled oligonucleotide probe #2 , however no duplicate positive 
plaques were identified . Rescreening of filters containing 
approx . 2 000 PFU with the specific 32 -labelled ol igonucleotide 
2 3 -mer (Fig .  4 . 5 ) detected 1 putative positive clone . A 
miniprep of DNA from the plaque was EcoR1 digested and found to 
contain a 3 kb insert which hybridized to the 2 3 -mer on Southern 
blotting (data not shown) . Approx . 95% of the original phage 
titer of this library was lost over 6 months in storage . 
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Fig .  4.  3 .  N-terminal amino acid sequence and corresponding 
5 '  
amino acid: 
probe #1 
probe #2 
synthetic oligonucleotide probes ( 17-mers ) based on 
amino acids 3-8 of 2 0a-HSDH. Probe #1 and probe #2  
were of 32-fold and 16-fold degeneracy . 
3 4 5 6 7 8 3 '  
lys - val - ala - ile - asn - gly 
Fig . 4 . 4 .  Southern blot analysis of EcoRl digests of 
Eubacteriwn V .  P. 1. 12708 and � .  scindens genomic 
DNA hybridized with probe #2 . Lane 1 ,  Eubacteriwn 
V. P. I .  12708 , 20 �g ; Lane 2 ,  �. scindens , 2 0  � .  
Positions o f  DNA size markers ( 1  kb lambda DNA 
ladder) are indicated in kilobases . 
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Fig . 4 . 5 .  Synthetic oligonucleotide probe ( 2 3 -mer) to conserved 
region of the bile acid inducibe 27K polypeptide 
from Eubacterium V. P .  I .  12708 
5 '  3 ' 
A G A C T G G A T G T C A T G A T C A A C A A  
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DISCUSSION 
20a-HSDH from � .  scindens has been purified and char­
acterized as described in chapter III . In common with several 
other known hydroxysteroid dehydrogenases isolated from soil 
bacterium , 20a-HSDH is a steroid-inducible enzyme . Relatively 
few microbial steroid-inducible hydroxysteroid dehydrogenases 
have been purified to homogeneity . Purification of these 
enzymes has proven to be extremely complex owing to ( i ) the 
presence of several isozymes with a similar steroid specificity 
and ( ii )  the presence of multiple active centers on the steroid 
substrates which undergo simultaneous metabol ism, i . e .  oxidation 
and/or reduction, by bifunctional enzymes . For example , 
Schultz , et al ( 14 0 )  demonstrated that the 3 ( 17 ) P-HSDH from 
Pseudomonas testosteroni is composed of two different monomers 
which associate to form four tetrameric species and the two 
dehydrogenase activities reside in each subunit within the 
tetramer. To date , the following steroid-inducible enzymes have 
been purified to homogeneity: a 3a- , 17P-,  and ( 3  and 17 ) P-HSDH 
from E. testosteroni ( 9 0 , 9 1 , 140 , 154 ) ; a 3a , 20p-HSDH from 
Streptomyces hydrogenans (70 , 107 ) ; and a 17P-HSDH from 
Alcal igenes sp . ( 111) . Nothing is known about the mechanism of 
steroid induction for any of these enzymes . 
With the purification of 2 0a-HSDH from � .  scindens , an N­
terminal sequence and antibodies were obtained to begin studies 
of the molecular basis of the mechanism of steroid induction . 
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The single N-terminal Ala residue obtained for the purified 
2 0a-HSDH provided evidence that the 4 0 , 000 dalton subunits of 
2 0a-HSDH are identical. The N-terminus ( residues 1-11) was 
analyzed by a computer-aided protein sequence homology search 
( FASTP) and found to be highly homologous with several 
previously sequenced glyceraldehyde-3 -phosphate dehydrogenases 
(GAPDH) . In Table 4 . 1 , these residues are compared with those 
of GAPDH from several species , with the sequences alligned to 
illustrate the highest homology . Where the sequences differ 
the amino acids found are highly conservative replacements , 
e . g . , Asp-Asn , Ala-Gly, Arg-Lys , or lIe-Val , suggesting that the 
overall structure of this region is conserved in these enzymes . 
No GAPDH activity was demonstrated with purified 20a-HSDH . It 
has been previously proposed (59) that the p-sheet structure 
formed by residues 3-7 of GAPDH is involved in pyridine 
nucleotide coenzyme binding . The conservation of the amino acid 
sequence in that region suggests it plays an analogous function 
in these enzymes . Recently , a bile acid-inducible polypeptide 
(Mr 3 9 , 000) (BA-3 9 )  of unknown function was purified by Clifton 
Franklund in our laboratory and residues 1-42 were sequenced 
(unpublished data ) . Interestingly, the N-terminus ( 1-11)  was 
identical to that obtained for 20a-HSDH , suggesting that this 
polypeptide may also be a dehydrogenase . However , these 
proteins have overall different amino acid compositions . Three 
Met residues were found within residues 12-42 of BA-3 9 ,  whereas 
no Met residues were detectable in 20a-HSDH ( Table 4 . 2 ) . 
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Two-dimensional PAGE of denatured 20a-HSDH revealed two 
bands of equal intensity with the same molecular weight 
differing only slightly in net charge ( Fig . 4 . 1 ) . These results 
suggest that the subunits of 20a-HSDH may not be identical ,  
however, any interpretation of this data is premature without 
additional evidence . Further separation of the two forms by 
preparative isoelectric focussing and peptide mapping of trypsin 
cleavage fragments should be performed to determine whether or 
not two different subunits exist . 
The results of western blot analysis ( Fig. 4 . 2 )  using the 
antisera raised to purified 2 0a-HSDH were inconsistent with the 
250-fold induction of 2 0a-HSDH activity demonstrated in cell 
extracts prepared from �.  scindens grown in the presence of 
cortisol (Table 2 . 2 ) . Although 2 0a-HSDH activity was barely 
detectable in cell extracts prepared from uninduced � .  scindens 
cultures , an immunoreactive band with the same molecular weight 
as the purified 20a-HSDH was observed in uninduced extracts . 
Moreover,  all inununoreactivity was abolished using antisera that 
had been immunoabsorbed with uninduced extracts , indicating that 
the protein antigens found on 2 0a-HSDH are also present in 
uninduced extracts . Since the N-terminal sequence of 2 0a-HSDH 
and GAPDH were so similar , it is possible that the antibody 
might recognize an epitope ( s) found on the constitutive GAPDH in 
� .  scindens . The molecular weight of GAPDH calculated from the 
established amino acid composition is the same as that 
determined by SOS-PAGE for 20a-HSDH (Mr 4 0 , 000) , although the 
subunit molecular weight of GAPDH ( 59 )  determined by various 
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physical methods has been reported as Mr 3 6 , 000 . It is also 
possible that the innnunoreactivity observed in uninduced cell 
extracts is due to a basal level of constitutive 2 0a-HSDH, or a 
low level of 20a-HSDH induced by endogenous steroids present in 
BHI ,  the complex growth medium used for cultivating J;; . scindens . 
Another observation on western blots which is difficult to 
interpret is the presence of two cross-reactive bands differing 
in molecular weight by approx . 2000 daltons , in both induCed and 
uninduced extracts . The lower molecular weight band 
corresponded to the mobility of purified 2 0a-HSDH , suggesting 
that the larger band might either be a precursor form or a 
protein which has been modified in some way , e . g. glycosylated 
or phosphorylated . western blots of samples from each step of 
2 0a-HSDH purification showed that the larger band was not 
adsorbed to Cibacron blue agarose (data not shown) . To test the 
possibility that this larger band might be a precursor of 2 0a­
HSDH which might be proteolytically cleaved to give active 2 0a­
HSDH, extracts were extensively dialyzed against buffers 
containing the protease inhibitors , EDTA , PMSF and leupeptin . 
This theory appears unlikely since the pattern of cross­
reactivity was unchanged . It is unknown whether 20a-HSDH is a 
secreted protein . To investigate the possibility that the 
larger band might be a modified form of 2 0a-HSDH, gels should be 
stained for carbohydrates and phosphate . Activity staining of 
gels might reveal if the larger band possesses HSDH activity, 
however , dissociation of the native proteins by some denaturant 
would be necessary . It is not known if individual subunits of 
2 0a-HSDH contain activity . 
One more interesting possible interpretation of these 
results is that 2 0a-HSDH is present in uninduced cell extracts 
in an inactive form and is activiated in some was in the 
presence of inducer . Studies with inhibitors of protein 
synthesis like chloramphenical , vernamycin or fusidic acid 
should be performed to determine if protein synthesis is 
required in the induction of 20a-HSDH activity . 
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Oligonucleotide probes ( 17-mers) were synthesized 
corresponding to amino acids 3-8 of 2 0a-HSDH (Fig .  4 . 3 ) . On 
Southern blots , only the 16-fold degenerate probe hybridized to 
discrete EcoRl fragments of � .  scindens and Eubacterium V. P. I .  
12708 genomic DNA ( Fig . 4 . 4 ) . Because of the amino acid 
sequence homology in this region for several known proteins , it 
is possible that the probe was detecting sequences encoding 
GAPDH or the 39 , 000 bile acid-inducible polypeptide . 
Attempts to clone the gene encoding 20a-HSDH were 
unsuccessful using the 16-fold degenerate oligonucleotide probe 
to screen a lambda gtll library . A putative clone containing a 
2 kb insert which hybridized to a probe ( 2 3 -mer) for a conserved 
sequence in the bile-acid inducible 27K polypeptide was 
identified . 
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112 
LITERATURE CITED 
1 .  Abeles , R. H. 1979 . current status of the mechanism of 
action of B12-coenzyme . pp . 373-38 8 . In  B .  Zagalak and 
W. Friedrich (eds . ) ,  Vitamin B12 . Proceedings of the 
third European symposium on vitamin B12 and intrinSic 
factor. Walter de Gruyter, New York. 
113 
2 .  Abrams , G. D .  1983 . Impact of the intestinal microflora 
on intestinal structure and function . pp . 2 9 1-3 1 0 . In D .  
J .  Hentges (ed . ) ,  Human intestinal microflora in health 
gng disease . Academic Press , New York. 
3 .  Adlercreutz , H . , and F. Martin . 198 0 .  Biliary excretion 
and intestinal metabolism of progesterone and estrogens in 
man. J .  steroid Biochem. 13 : 2 3 1-2 44 . 
4 .  Auchus , R. J . , and D. F .  Covey . 198 6 . Mechanism-based 
inactivation of 17� , 20a-hydroxysteroid dehydrogenase by 
an acetylenic secoestradiol . Biochemistry 2 5 :  7295-
7300 . 
5 .  Axelrod , L. R. 1965 . Metabolic patterns of steroid 
biosynthesis in young and aged human testes . Biochim . 
Biophys . Acta 97 : 551-556 . 
6 .  Babior, B .  M. 1982 . Ethanolamine ammonia-lyase .  pp .  
263-287 . In D .  Dolphin ( ed . ) ,  �12.L Vol . 2 ,  Biochemistry 
and medicine . John Wiley & Sons , New York. 
7 .  Baker , J. J .  and T. C. Stadtman . 1982 . Amino mutase . 
pp . 204-2 3 2 . In D. Dolphin ( ed . ) ,  �12.L Vol . 2 ,  
Biochemistry and medicine . John Wiley & Sons , New York. 
8 .  Beck, W. S .  1982 . Biological and medical aspects of 
vitamin B12 . pp . 1-2 3 . In D. Dolphin (ed . ) ,  �12.L Vol . 2 ,  
Biochemistry and medicine . John Wiley & Sons , New York . 
9 .  Benton, W. D. , and R. W. Davis . 1977 . Screening gt11 
recombinant clones by hybridization to single plaques in 
situ . Science 19 6 :  180-182 . 
10 . Biesecker , G. , J .  I .  Harris , J .  C .  Thierry, J .  E .  Walker, 
and A . J .  Wonacott . 1977 . Sequence and structure of D­
glyceraldehyde 3-phosphate dehydrogenase from Bacillus 
stearothennophilus . Nature ( london) 2.§.§ : 3 28-3 3 3  • 
11 . Blakley, R. L. 1982 . Cobalamin-dependent ribonucleotide 
reductases . pp . 382-418 . In D. Dolphin (ed . ) ,  �12 '  Vol . 
2 ,  Biochemistry and medicine . John Wiley & Sons , New York 
12 . Blomquist , C .  H . , N .  J. Lindemann , and E .  Y .  Hakanson . 
198 5 .  17-{3 Hydroxysteroid and 20a-hydroxysteroid 
dehydrogenase activities of human placental microsomes : 
kinetic evidence for two enzymes differing in substrate 
specificity . Arch . Biochem . Biophys . � :  2 06-2 1S" .  
13 . Bokkenheuser, V .  D . , G .  N .  Morris , A .  E.  Ritchie ,  L .  V.  
Holdeman, and J.  winter . 1984 . Biosynthesis of androgen 
from cortisol by a species of Clostridium recovered from 
human fecal flora . J .  Infec . Dis . � :  4 89-494 . 
14 . Bokkenheuser, V. D . , and J .  Winter. 1983 . 
Biotransformation of steroids . pp . 2 1S-2 3 9 . In D .  J .  
Hentges ( ed . ) ,  Human intestinal micro flora in health and 
disease . Academic Press , New York. 
114 
lS . Bokkenheuser, V.  D . , J .  Winter, B .  I .  Cohen , S. O ' Rourke , 
and E .  H. Mosbach . 1983 . Inactivation of contraceptive 
steroid hormones by human intestinal clostridia . J .  Clin . 
Microbiol . 18 : SOO-S04 . 
16 . Bokkenheuser, V. D. , J .  Winter, G .  N .  Morris ,  and S .  
I.ocascio . 1986 . Steroid desmolase synthesis by 
Eubacterium desmolans and Clostridium cadavaris . Appl . 
Environ . Microbiol . S2 : 11S3-11S 6 .  
17 . Bongiovanni , A.  M . , J .  Marino , J .  Parks , and A .  Tenore . 
197 6 .  Bovine adrenal 2 0a-hydroxysteroid oxidoreductase 
and variations of activity with age . J .  Steroid Biochem. 
1 :  683-68S . 
18 . Borns ide , G .  H. 1978 . Stability of the human fecal 
flora . Am. J .  Clin . Nutr . 3 1 :  S2 1-S29 .  
19 . Brambaifa ,  N . , and E .  Schillinger . 1984 . Binding of 
prostaglandin F2a and 2 0a-hydroxysteroid dehydrogenase 
activity of immature rat ovaries throughout 
pseudopregnancy . Prostaglandins Leukotrienes and 
Medicine 14 : 22S-2 3 4 . 
20 . Brannon , D. R . , J .  Martin , A. C .  oehlsclager, N .  N .  
Durban, and L.  H .  Zalkow. 1965 . Transformation of 
progesterone and related steroids by Aspergillus tamarii .  
J .  Org. Chem. 3 0 :  760-762 . 
2 1 .  Brooks , R. V. 1984 . Androgens : Physiology and 
pathology . pp . 3 49-408 . � H .  L .  J .  Makin ( ed . ) , 
Biochemistry of steroid HOrmones ,  2nd ed . Blackwell 
Scientif.  Publ . , OXford . 
2 2 . Butt , W .  R. 1975 . Hormone Chemistry , vol . 2 .  Steroids , 
thyroid hormones , biogenic amines and prostaglandins . 
Ellis Horwood Ltd . Chichester, England . 
115 
2 3 . Bykhovsky , V.  Ya . 1979 . Biogenesis of tetrapyrrole 
compounds (porphyrins and corrinoids) ,  and its regulation . 
pp . 293-314 . In B .  Zagalak and W. Friedrich ( eds . ) , 
vitamin B12 . Proceedings of the third European symposium 
on vitamin B12 and intrinsic factor . walter de Gruyter , 
New York. 
24 . Carbone , A. , M. Piantell i ,  P. Musiani , L. M. Larocca , R .  
P .  Revoltella , and F .  o .  Ranelletti . 198 6 .  Expression o f  
2 0a-hydroxysteroid dehydrogenase activity in human 
lymphoid and non lymphoid cells . Clin . Exp . Innnunol . 63 : 
203-209 . 
25 . Carlstrom, K. 1967 . Mechanism of the side chain 
degradation of progesterone by microorganisms . Acta Chem . 
Scand . 21 :  1297-1303 . 
2 6 . Carlstrom, K. 1973 . Transformation of steroids by cell­
free preparation of Penicillium lilacinum NRRL 895-III­
Metabolism of progesterone . Acta Chem. Scand . n: 1622-
1628 . 
27 . caspi , E . , M. C .  Lindberg , M. Hayano , J .  L. Cohen , M .  
Matsuba , H .  Rosenkrantz , and R. 1 .  Dorfman . 1956 . The C-
2 0a reduction of steroids by hog liver preparations . 
Arch . Biochem. Biophys . 6 1 :  2 67-27 1 .  
28 . Cerone-McLernon , A .  M. , J .  Winter , E .  H .  Mosbach , and V .  
D .  Bokkenheuser . 198 1 .  Side-chain cleavage o f  cortisol 
by fecal flora . Biochim. Biophys . Acta . 666 : 3 4 1-347 . 
29 . Darrach , M. , R. E .  Krehbiel , and L. Deeth . 1968 . 
Separation of soluble mouse liver 2 1-desoxy-2 0a­
hydroxysteroid: NADP 2 0a-oxidoreductase from 2 1-hydroxy-
2 0a-hydroxysteroid : NADP 2 0a-oxidoreductase . can . J .  
Biochem. 4 6 :  715-72 4 .  
116 
3 0 . Davidson , B .  E . , M. Saj go ,  H .  F. Noller , and J. I .  Harris . 
1967 . Amino-acid sequence of glyceraldehyde 3-phosphate 
dehydrogenase from lobster muscle . Nature (London) ll,2 :  
118 1-1185 . 
3 1 .  Davis , L. G . , M. D. Dibner, and J .  F .  Battey . 1986 . 
Basic methods in molecular biology . Elsevier , New York . 
3 2 . Dence , J .  B .  198 0 .  steroids and peptides . John Wiley 
and Sons . New York . 
3 3 . Dolphin , D . , A. R. Banks ,  w. R. CUllen , A. R. CUtler, and 
R. B. Silverman . 1979 . The mechanism of action of 
coenzyme B12 ' pp . 575-58 6 .  In B. Zagalak and W. 
Friedrich ( eds . ) , vitamin B12 ' Proceedings of the third 
European symposium on vitamin B12 and intrinsic factor . 
Walter de Gruyter , New York . 
3 4 . Dorfman , R. I . , and Ungar , F .  1965 . Metabolism 2t 
Steroid Hormones . Academic Press , New York. 
35 . Dugaiczyk, A. , J .  A. Haron, E .  M. Stone , O. E .  Dennison , 
K. N. Rothblum, and R. J. Schwartz . 1983 . Cloning and 
sequencing of a deoxyribonucleic acid copy of 
glyceraldehyde-3-phosphate dehydrogenase messenger 
ribonucleic acid isolated from chicken muscle . 
Biochemistry 22 :  1605-1613 . 
3 6 .  Duleba , A .  J . , K. S .  Kim, B .  H. Yuen, and Y .  S .  Moon . 
198 5 .  Inhibition of 20a-hydroxysteroid dehydrogenase 
activity by follicle-stimulating hormone and androgens in 
cultured rat granulosa cells : a search for the mechanism 
of action . BioI . Reprod . 11 :  401-4 10 . 
37 . EI-Tayeb , 0 . , S .  G. Knight , and C .  J .  Sih .  1964 . 
Substrate specificity in steroid side-chain degradation by 
microorganisms . Biochim. Biophys . Acta 93 : 4 11-4 17 . 
3 8 . Eriksson, H . , and J .  A. Gustafsson . 197 1 .  Excretion of 
steroid hormones in adults : steroids in feces from 
adults . Eur . J .  Biochem. � :  146-150 . 
39 . Fan , D-F . , H. Oshima , B .  R. Troen , and P .  Troen . 1974 . 
Studies of the human testis : IV .  Testicular 2 0a­
hydroxysteroid dehydrogenase and steroid 17a-hydroxylase . 
Biochim. Biophys . Acta 360 : 88-99 . 
40 . Fevold , H .  R. , and K. B .  Eik-Nes . 1962 . Progesterone 
metabolism by testicular tissue of the English sparrow 
( Passer domesticus) during the annual reproductive cycle .  
Gen .  Comp o Endocrinol . l :  506-515 . 
4 1 .  Finegold, S .  M. , V. L. sutter and G .  E .  Mathisen . 1983 . 
Normal indigenous intestinal flora . pp . 3-3 1 .  � D .  J .  
Hentges ( ed . ) , HY!!!!m intestinal micro flora .in health and 
disease . Academic Press , New York. 
42 . Fonken, G .  S . , H. C. Murray , and L. M. Reineke . 196 0 . 
117 
Pathway of progesterone oxidation by Cladosporium resinae . 
J .  Am. Chem. soc . 82 : 5507-5508 . 
43 . Forchiell i ,  E . , H .  Rosenkrantz , and R .  I .  Dorfman . 1955 . 
Metabolism of 11-deoxycortisol in vitro . J .  Biol . Chem . 
ll.2 :  713-722 . 
44 . Fried, J . , R. W. Thoma , and A .  Klingsberg . 1953 . 
Oxidation of steroids by microorganisms . III . S ide chain 
degradation , ring 0 cleavage and dehydrogenation in ring 
A. J. Amer. Chem. Soc . 7 5 :  5764-5765 . 
45 . Friedman, H .  C .  1979 . Straight approaches to the 
nucleotide loop . pp . 3 3 1-343 . In B. Zagalak and W .  
Friedrich (eds . ) , Vitamin B12 ' Proceedings of the third 
European symposium on vitamin B12 and intrinsic factor. 
Walter de Gruyter , New York. 
46 . Friedmann , H. C . , and J .  A. Fyfe . 
B12 biosynthesis . J .  BioI . Chem. 
19 69 . 
244 : 
Pseudovitamin 
1667-167 1 .  
47 . Fukuda , T . , K .  Hirato , T .  Yanaihara , and T .  Nakayama . 
198 6 .  Microsomal 2 0a-hydroxysteroid dehydrogenase 
activity for progesterone in human placenta . Endocrinol . 
Japon .  11 :  361-368 . 
48 . Fukui , S .  and T .  Toraya . 1979 . Coenzyme B:j.2-dependent 
diol dehydratase - distribution and metabol�c role in 
Enterobacteriaceae , enzymological properties and 
interaction with coenzyme B12 ' pp . 413-4 3 0 . In B .  
Zagalak and W.  Friedrich (eds . )  , Vitamin B12 ' Proceedings 
of the third European symposium on vitamin B12 and 
intrinsic factor. Walter de Gruyter,  New York. 
49 . Fyfe, J. A. , and H. C. Friedmann . 19 69 . Vitamin B12 
Biosynthesis . J .  BioI . Chern. 244 : 1659-1666 .  
50 . Gill , J .  F . , Jr . , P .  J .  Kennelly , and V .  W .  Rodwell . 
1985 . Control mechanisms in sterol uptake and 
biosynthesis . pp . 40 . In H .  Danielsson and J .  Sj ovall 
(eds . ) ,  Sterols and bile acids . New comprehensive 
biochemistry, vol . 12 . Elsevier, New York. 
51 . Glenn , E. M. and R. O .  Recknagel .  1955 . Enzymatic 
degradation of the side-chain of cortisone : Conditions 
for an enzyme assay . Proc . Soc . Exp. BioI . Med . 89 : 
153-155 . 
118 
52 . Glenn , E. M . , P .  M. L .  siu, and R .  O .  Recknagel .  195 6 . 
Enzymatic degradation of side-chain of adrenocortical 
steroids : Conversion of hydrocortisone to Reichstein ' s  E .  
Proc .  Soc . Exp . BioI . Med . 9 1 :  3 3 2 -3 3 5 .  
53 . GoWer , D .  B .  1984 . Biosynthesis o f  th e  androgens and 
other C1� steroids . pp . 170-206 . In H. L. J. Makin 
(ed . ) , B10chemistry Qf steroid Hormones , 2nd ed .  
Blackwell Scientif . Publ . ,  OXford . 
54 . GoWer, D. B .  1984 . Regulation of steroidogenesis . pp . 
293-348 . In H. L. J .  Makin ( ed . ) , Biochemistry of Steroid 
HOrmones ,  2nd ed .  Blackwell Scientif .  Publ . ,  Oxford. 
55 . GoWer , D. B .  and J .  W. Honour . 1984 . 1 .  Steroid 
catabolism and urinary excretion. 2 .  Biliary excretion 
and enterohepatic circulation . pp . 3 49-408 . In H .  L. J .  
Makin ( ed . ) , Biochemistry of Steroid Hormones ,  2nd . ed .  
Blackwell Scientif .  Publ . , Oxford . 
56 . GoWer , D. B .  and G. M. Cooke . 1983 . Regulation of 
steroid-transforming enzymes by endogenous steroids . J .  
Steroid Biochem. � :  1527-1556 . 
57 . Hafez-Zedan , H . , and R. Plourde . 1973 . Steroid 1-
dehydrogenation and side-chain degradation enzymes in the 
life cycle of fusarium solani . Biochiln . Biophys . Acta 
� :  103 -115 . 
58 . Harris , J .  I . , and R. N .  Perham. 1968 . 
phosphate dehydrogenase from pig muscle . 
� :  1025-1028 .  
Glyceraldehyde 3 -
Nature ( London) 
59 . Harris , J .  I . , and M. Waters . 1976 . Glyceraldehyde-3-
phosphate dehydrogenase . pp . 1-49 . In P .  D .  Boyer ( ed . ) , 
T.!Jg Enzymes vol . XIII . Academic Press ,  New York. 
60 . Hartiala ,  K. 197 3 . Metabolism of hormones , drugs , and 
other substances by the gut . Physiol . Rev . 53 : 4 96-53 4 . 
61 . Hatefi , Y . , and K. E .  Stempel . 1969 . Isolation and 
enzymatic properties of the mitochondrial reduced 
diphosphopyridine nucleotide dehydrogenase . J .  BioI . 
Chem. 244 : 23 50-2 357 . 
62 . 
63 . 
Heftman , E .  ( ed . ) . 1973 . 
analysis . Academic Press , 
Modern methods of steroid 
New York. 
Heftman , E . , and E. Mosettig . 
steroids . Reinhold Publ . Co . ,  
1960 . In Biochemistry of 
New York. pp . 138-149 . 
64 . Hocking , J .  D .  and J .  1. Harris . 198 0 .  D­
Glyceraldehyde-3-phosphate dehydrogenase : Amino acid 
sequence of the enzyme from the extreme thermophile 
Thermus aquaticus . Eur .  J .  Biochem. .l.Q.!! : 567-579 . 
65 . Holdeman . L. V. , E .  P .  cato , and W. E .  C .  Moore . 1977 . 
119 
Anaerobe laboratory manual ,  4 th  ed . Southern Printing Co . 
Blacksburg , VA. 
66 . Holland , J .  P .  and M. J .  Holland . 1979 . The primary 
structure ofa glyceraldehyde-3-phosphate dehydrogenase 
gene from Saccharomyces cerevisiae . J .  Biol . Chem. 12! :  
9839-9845 . 
67 . Holland , J .  P .  and M. J .  Holland . 198 0 . Structural" 
comparison of two nontandemly repeated yeast 
glyceraldehyde-3-phosphate dehydrogenase genes . J .  BioI . 
Chem. � :  2596-2 605 . 
68 . Holland , J .  P . , L. Labieniec , C .  SWimmer, and M. J .  
Holland . 1983 . Homologous nucleotide sequences at the 5 '  
termini of messenger RNAs synthesized from the yeast 
enolase and glyceraldehyde-3-phosphate dehydrogenase gene 
families . J .  BioI . Chem. � :  5291-5299 . 
69 . Hosaka ; M . , H .  Oshima , and P. Troen . 198 0 .  Studies of 
the human testis .  XIV .  Properties of C17-C2 0 lyase . Acta 
Endocrinolog . 94 : 389-396 . 
70 . Hubener , H .  J .  1963 . 20-Ketosteroids . pp . 477-48 4 . In 
H .  U. Bergmeyer ( ed . ) , Methods of enzymatic analysis . 
Academic Press , New York. 
7 1 .  Hubener, H. J . , D. K. Fukushima , and T .  F .  Gallagher. 
1956 . Substrate specificity of enzymes reducing the 11-
and 2 0-keto groups of steroids . J. BioI . Chem. 22 0 :  
499-511 . 
72 . Huennekens , F .  M. , K. S .  Vitols , K. Fuj ii , and D .  W .  
Jacobsen . 1982 . Biosynthesis o f  cobalamin coenzymes . 
pp . 145-167 . In D. Dolphin ( ed . ) , �12 ' vol . 1 .  John 
Wiley & Sons , New York. 
73 . Ihle,  J .  N . , Y. Weinstein , J .  Keller , L. Henderson, and E .  
Palaszynski . 198 5 .  Interleukin 3 .  Meth . Enzvrnol . 116 : 
540-545 . 
74 . Inano , H . , and B .  I .  Tamaoki . 1986 . Purification of 
NADPH-cytochrome P-450 reductase from microsomal fraction 
of rat testes , and its chemical modification by 
tetranitromethane . J .  steroid Biochem. 25 : 2 1-28 . 
12 0 
75 . IUPAC - IUB revised tentative rules for nomenclature of 
steroids . 1969 . Biochemistry � :  2227-2242 ; Corrections 
1971 .  Biochemistry lQ: 4994-4995 . 
76 . IUPAC tentative rules for the nomenclature of organic 
chemistry . Section E .  Stereochemistry . J .  Org. Chem. 
197 0 .  35 : 2849-2867 ; Pure Appl . Chem. 1976 . 4 5 :  13-
3 0 .  
77 . Jefcoate, C .  R. 1977 . Cytochrome P-450 of adrenal 
mitochondria . J .  BioI . Chem. 252 : 8788-8796 .  
78 . Kalb , V .  F . , and R .  W .  Bernlohr . 1977 . A new 
spectrophotometric assay for proteins in cell extracts . 
Analyt . Biochem. .!!2 : 3 62-37 1 .  
79 . Krafft , A .  E . , J .  Winter, V .  D .  Bokkenheuser, and P .  B .  
Hylemon . 1987 . Cofactor requirements o f  steroid-17-20 -
desmolase a nd  2 0a-hydroxysteroid dehydrogenase activities 
in cell extracts of Clostridium scindens . J. Steroid 
Biochem. Z!! : 49-54 . 
80 . Krehbiel , R . , and M. Darrach . 1968 . Studies on mouse 
liver 2 1-desoxy- and 21-hydroxy-2 0a-hydroxysteroid : NADP 
2 0a-oxidoreductase . Can. J .  Biochem. 46 : 1075-1080 .  
8 1 .  Laenunli,  U . K. 1970 . Cleavage of structural proteins 
during the assembly of the head of bacteriophage T4 . 
Nature (London) � :  680-68 5 .  
82 . Liang , T . , J .  L.  Tymoczko , K .  M .  B .  Chan, S .  C .  Hung and 
S .  Liao . 1977 . Androgen action : Receptors and rapid 
responses . pp . 77-89 . In L. Martini and M. Motta 
8 3 . 
(eds .  ) ,  Androgens and Antiandrogens . Raven Press , New 
York. 
Lineweaver, H . , and D. Burk. 193 4 .  The determination of 
enzyme dissociation constants . J .  Am. Chem . Soc . .2,2 :  
658-666 . 
84 . Lipsett , M. B .  1977 . Regulation of androgen secretion . 
pp . 11-17 . In L. Martini and M. Motta (eds . ) , Androgens 
gng Antiandrogens . Raven Press , New York . 
85 . Little ,  B . , J .  DiMartinis and B .  Nyholm . 1959 . The 
conversion of progesterone to D4pregnene-20a-ol , 3-one by 
human placenta in vitro . Acta Endocrinolog . 3 0 :  53 0-
538 . 
86 . Ljungdahl , L. G .  and H .  G .  Wood . 1982 . Acetate 
biosynthesis . pp . 165-202 . In D .  Dolphin ( ed . ) ,  �12 Vol . 
2 ,  Biochemistry and medicine . John Wiley & Sons , New 
York. 
12 1 
87 . Lynn, W .  S .  Jr. , and R. H .  Brown. 1958 . The conversion 
of progesterone to androgens by testes . J .  BioI . Chem. 
� :  1015-1030 . 
88 . Macdonald, I .  A . , V. D. Bokkenheuser , J .  Winter , A .  M .  
McLernon, a nd  E .  H.  Mosbach . 198 3 . Degradation o f  
steroids in the human gut . J .  Lipid Res . 24 : 675-700 . 
89 . Maniatis , T . , E .  F .  Fritsch , and J .  Sambrook. 1982 . 
Molecular cloning . Cold Spring Harbor Laboratory , Cold 
spring Harbor, New York. 
90 . MarCUS , P. I . , and P. Talalay . 1955 . On the molecular 
specificity of steroid-enzyme combinations . The kinetics 
of b-hydroxysteroid dehydrogenase . Proc . R. Soc . Lond. 
Ser . B. BioI . Sci . � :  116-13 2 . 
9 1 .  Marcus , P .  I . , and P. Talalay . 1956 . Induction and 
purification of a- and l3-hydroxysteroid dehydrogenases . 
J .  BioI . Chem. � : 661-674 . 
92 . Marmur, J .  196 1 .  A procedure for the isolation of 
deoxyribonucleic acid from micro-organisms . J. Mol . BioI . 
1 :  2 19-224 . 
9 3 . Martin, C .  K. A. 1977 . Microbial cleavage of steroids 
side chain. pp . 29-54 . In D. Perlman (ed . ) ,  Advances in 
applied microbiology . Vol .  2 2 . Academic Press , New York . 
94 . Matthij ssen , C . , J. E .  Mandel , and P. T .  Seiden . 1964 . 
Separation of a purified adrenal 2 0a-hydroxysteroid 
dehydrogenase . Biochim . Biophys . Acta 89 : 363-364 . 
95 . Miller, T .  L. 1977 . The inhibition of microbial steroid 
O-ring lactonization by high levels of progesterone . 
Biochim . Biophys . Acta 270 : 167-180 . 
96 . Moon, Y .  S . , A. J .  Duleba , K. S .  Kim, and B .  H .  Yuen . 
198 5 .  Alterations o f  2 0a-hydroxysteroid dehydrogenase 
activity in cultured rat granulosa cells by follicle­
stimulating hormone and testosterone . BioI . Reprod . 3 2 : 
998-1009 . 
97 . Moore , W. E .  C . , and L. V. Holdeman . 1974 . Human fecal 
flora : The normal flora of 2 0  Japanese-Hawaiians . Appl . 
Microbiol . 2 7 :  961-979 . 
98 . Mori , M. , and W. G .  Wiest . 1979 . Purification of rat 
ovary 2 0a-hydroxysteroid dehydrogenase by affinity 
chromatography . J. Steroid Biochem. 1 1 :  1443-1449 . 
122 
99 . Murota , 5 . , M .  Shikita , and B .  Tamaoki . 1966 . Androgen 
fonnation in the testicular tissues of patients with 
prostatic carcinoma . Biochim. Biophys . Acta 117 : 241-
246 . 
100 . Nabarro , J .  D .  N . , A. Moxham, G .  Walker , and J .  D .  H .  
101 . 
Slater. 1957 . Rectal hydrocortisone . Br. Med . J .  1 :  
272-274 . 
Nagasawa, M . , M .  Bae, G .  Tamura , and K. Arima . 
Microbial transformation of sterols . Part II . 
of sterol side chains by microorganisms . Agr . 
n :  1644-1650 .  
1969 . 
Cleavage 
BioI . Chem . 
102 . Naito , K. , M. Takahashi ,  and K. Homma . 198 6 .  In vitro 
secretion of progestins by rat luteal cells and their 2 0a­
hydroxysteroid dehydrogenase acti vi ty . Endocrinol . Japon . 
3 3 :  43-50 . 
103 . Nakaj in , 5 . , and P. F .  Hall . 198 1 .  Microsomal cytochrome 
P-450 from neonatal pig testis : Purification and 
properties of a C21 steroid side-chain cleavage system 
( 17a-hydroxylase-C17 , 20 lyase ) . J .  BioI . Chem. 12§ :  
3771-3876 . 
104 . Nakano , H . , H .  Inano , H .  Sato , M. Shikita and B .  Tamaoki . 
1967 . Side-chain cleavage as related to steroid hormone 
synthesis . Biochim. Biophys . Acta 137 : 3 3 5-3 4 6 . 
105 . Nakano , H . , H .  Sato , and B .  I .  Tamaoki . 1968 . 
Incorporation of molecular oxygen into testosterone 
acetate directly derived from progesterone by Cladosporium 
resinae . Biochim . Biophys . Acta 164 : 585-595 .  
106 . Nancarrow , C .  D . , M .  A .  Sharaf , and F .  SWeet . 198 1 .  
Purification o f  2 0a-hydroxysteroid oxidoreductase from 
bovine fetal erythrocytes . Steroids 3 7 :  53 9-55 3 . 
107 . Nesemann , G . , H .  J .  Hubener , R. Junk, and J .  Schmidt­
Thome . 196 0 .  2013-hydroxysteroid dehydrogenase I .  
Zuchtung von Streptomyces hydrogenans unci induktion des 
enzyms . Biochem. Z .  3 3 3 : 88-94 . 
108 . Nowak, K. , M. Wolny , and T .  Banas . 198 1 .  The complete 
amino acid sequence of human muscle glyceraldehyde-3 -
phosphate dehydrogenase . FEBS Lett . 134 : 141-14 6 . 
109 . O ' Farrell , P . O .  1975 . High resolution two-dimensional 
electrophoresis of proteins . J .  BioI . Chem . 2 50 :  4 007-
402 1 .  
110 . Oshima, H . , D .  F .  Fan , and P. Treen . 1974 . Studies on 
the hlUllan testis .  VI .  NADH-linked reactions o f  
microsomal steroid 2 0a- and 2 0P-hydroxysteroid 
dehydrogenase and 17a-hydroxylase . J .  Cl in . Endocrino! .  
Med . !Q :  426-434 . 
12 3 
111 . Payne , D. W . , and P .  Talalay . 1985 . Isolation of novel 
microbial 3a- ,  3P- , and 17P-hydroxysteroid dehydrogenases . 
J .  BioI . Chem. 2 60 :  13648-13655 . 
112 . Peterson, D .  H . , S .  H .  Eppstein , P .  D .  Meister, H .  C .  
Murray, H .  M .  Leigh , A .  Weintraub , and L .  M .  Reineke . 
1953 . Microbiological transformations of steroids . IX.  
Degradation of C2 1  steroids t o  C19 ketones and to 
tesololactone . J .  Am. Chem. Soc . 75 : 5768-5769 . 
113 . Peterson , G .  E . , R. W .  Thoma , D .  Perlman and J .  Fried . 
1957 . Metabolism of progesterone by cylindrocarpon 
radicola and Streptomyces layendulae . 74 : 686-688 . 
114 . Pezacka , E .  and W .  Walerych . 1979 . The ribosomal 
proteins L2 ,  15 , 118 and L25 involved in vitamin B12 
biosynthesis . pp . 359-3 6 0 .  In B. Zagalak and W. 
Friedrich ( eds . ) ,  vitamin B12 . Proceedings of the third 
European symposium on vitamin B12 and intrinsic factor. 
Walter de Gruyter , New York . 
115 . Pharmacia Fine Chemicals .  198 6 . Polyacrylamide Gel 
Electrophoresis Laboratory techniques , Uppsala . pp . 8-10 . 
116 . Pineda , J .  A. , M. E .  Salinas , and J .  C .  Warren. 1985 . 
Purification and characterization of 20a-hydroxysteroid 
dehydrogenase from bull testis . J. Steroid Biochem. 2 3 : 
1001-1006 . 
117 . Pol low, K. , H .  Lubbert , E .  Boquoi , and B. Pol low .  1975 . 
Progesterone metabolism in normal human endometrium during 
the menstrual cycle and in endometrial carcinoma . J .  
Clin. Endocrinol . Metab . � :  729-737 . 
118 . Pongsawasdi , P . , and B. M. Anderson . 1984 . Kinetic 
studies of rat ovarian 20a-hydroxysteroid dehydrogenase . 
Biochim . Biophys . Acta 799 : 51-58 . 
119 . Pongsawasdi , P . , and B. M .  Anderson . 1984 . Inactivation 
of rat ovarian 2 0a-hydroxysteroid dehydrogenase by N-alkyl 
maleimides . Arch . Biochem. Biophys . 2 3 3 : 481-488 . 
120 . Pongsawasdi , P . , and B .  M .  Anderson . 1985 . Studies of 
the coenzyme binding site of rat ovarian 2 0a­
hydroxysteroid dehydrogenase . Arch . Biochem. Biophys . 
238 : 280-289 . 
12 4 
121 .  Prairie , R. L. and P. Ta1alay . 1963 . Enzymatic formation 
of testololactone . J .  BioI . Chem. � :  2 03 -2 07 . 
122 • Preslock, J .  P. 1984 . steroidogenesis in the normal and 
abnormal human testis . pp . 73-96 . In K. Fotherby and s .  
B .  Pal (eds . )  , steroid converting enzymes and diseases . 
Walter de Gruyter & Co . , New York . 
123 . Purdy, R. H . , M .  Halla,  and B .  Little . 1964 . 2 0a­
Hydroxysteroid dehydrogenase acti vi ty a function of human 
placental 17P-hydroxysteroid dehydrogenase . Biochim. 
Biophys . Acta 89 : 557-560 . 
124 . Purvis , K. , R. calandra , and V. Hansson . 1977 . 
Intratesticular transport of androgens . pp . 37-5 1 .  . In 
L. Martini and M.  Motta ( eds . ) ,  Androgens and 
Antiandrogens . Raven Press , New York . 
125 . Rabe, T . , L. Kiesel , and B .  Runnebawn. 198 2 . Partial 
characterization of the cytoplasmic 2 0a-hydroxysteroid 
dehydrogenase ( EC 1 . 1 . 1 . 14 9 )  of the human placenta at 
term. J. steroid Biochem . 16 : 737-74 3 .  
12 6 .  Rahim, M. A . , and C .  J .  S m .  1966 . Mechanisms of steroid 
oxidation by microorganisms . XI . Enzymatic cleavage of 
the pregnane side chain . J .  BioI . Chem. 2.il :  3 615-3 623 . 
127 . Recknagel , R. o .  1957 . Adrenocortical steroid C-2 0-keto 
reductase . J .  BioI . Chem. 227 : 273-284 . 
128 . Renz , P .  1965 . Course of the microbial conversion of 
cobalamine analogues into vitamin B12 [ 1 ] . Angew . Chem. 
Internat . Edit . 4 :  527 . 
129 . Renz , P . , J .  Horig, and R .  Wurm. 1979 . On the 
biosynthesis of the 5 , 6-dimethylbenzimidazole moiety of 
vitamin Bp . pp . 3 17-329 . In B .  Zagalak and W .  Friedrich 
( eds . ) , V1tamin B1? Proceedings of the third European 
symposiwn on vitam1n B12 and intrinsic factor . Walter de 
Gruyter , New York. 
130 . Retey , J .  1982 . Methylmalonyl-CoA mutase .  pp . 358-379 . 
In D. Dolphin ( ed . ) , �12 Vol .  2 ,  Biochemistry and 
medicine . John Wiley & Sons , New York. 
13 1 .  Ricigliano , J .  W. , and T. M. Penning . 1986 . Active-site 
directed inactivation of rat ovarian 2 0a-hydroxysteroid 
dehydrogenase . Biochem . J. 2 4 0 :  717-72 3 .  
132 . Rodway, R .  G . , and N.  J .  Kuhn . 197 5 .  Hormonal control of 
luteal 20a-hydroxysteroid dehydrogenase and 5-ene-3p­
hydroxysteroid dehydrogenase during luteolysis in the 
pregnant rat . Biochem. J. �: 4 3 3-443 . 
125 
133 . Rommerts , F. F .  G . , B. A.  Cooke , and H .  J. van der Molen. 
1974 . The role of cyclic AMP in the regulation of steroid 
biosynthesis in testis tissue . J .  Steroid Biochem. .2 :  
279-285 . 
134 . Rosness , P .  A . , and K. B .  Eik-Nes . 1977 . Biosynthesis of 
androgens . pp . 1-10 . In  L. Martini and M.  Motta ( eds . )  , 
Androgens and Antiandrogens . Raven Press , New York . 
135 . Samuels , L. T . , L. Bussman , K .  Matsumoto , and R .  A.  
Huseby . 1975 . Organization of androgen biosynthesis in 
the testis .  J. Steroid Biochem . 2: 291-296 . 
136 . Sato , F . , Y .  Takagi , and M. Shikita . 1972 . 20a­
hydroxysteroid dehydrogenase of porcine testes : 
purification and properties . J .  BioI . Chem. 247 : 8 15-
823 . 
137 . Sato , K. , S .  Inukai , S .  Ueda , T .  Seki and S .  Shimizu . 
1979 . Formation and role of vitamin B1� in 
Protaminobacter ruber and Rhizobium melloti . pp . 3 61-3 72 • 
.In B. Zagalak and W .  Friedrich (eds . )  , Vitamin B12 ' 
Proceedings of the third European symposium on vitamin B12 
and intrinsic factor. Walter de Gruyter, New York. 
138 . Schneider , Z . , and A. Stroinski . 1987 . Comprehensive 
�12 ' Walter de Gruyter, New York . 
139 . Schulster , D . , S .  Burstein, and B .  A. Cooke . 197 6 .  
Molecular endocrinology of the steroid hormones . John 
Wiley and Sons , London . 
140 . Schultz , R. M . , E .  V. Groman , and L. L. Engel . 1977 . 
3 ( 17 ) P-HSDH of Pseudomonas testosteroni . A convenient 
purificiation and demonstration of multiple molecular 
forms . J .  BioI . Chem . � :  3 775-3783 . 
141 . Shikita , M. , and K. Tsunoeka . 197 6 .  Non-oligomeric 
nature of porcine testicular 2 0a-hydroxysteroid 
dehydrogenase . FEBS Lett . 66 : 4-7 . 
142 . Shikita , M. and B .  Tamaoki . 1965 . 2 0a-Hydroxysteroid 
dehydrogenase of testes . Biochemistry � :  1189-119 5 .  
143 . Shikita , M. , H .  Inano , and B .  Tamaoki . 1967 . Further 
studies on 2 0a-hydroxysteroid of rat testes . 
Biochemistry . 21 :  1760-1764 . 
144 . Sih ,  C .  J . , and H .  W. Whitlock, Jr. 1968 . Biochemistry 
of steroids . Ann . Rev . Biochem . 3 7 :  661-694 . 
145 . smith , C. M. , and S .  F .  Velick. 1972 . The 
glyceraldehyde-3-phosphate dehydrogenase of liver and 
muscle. J .  BioI . Chem. Z!1 :  273-284 . 
146 . Smith , R. L. 1974 . Biliary excretion and hepatotoxicity 
of contraceptive steroids . Acta Endocrinol . ,  Copenhagen . 
185 : Suppl . 149-161 . 
147 . Southern, E .  M. 1975 . Detection of specific sequences 
among DNA fragments separated by gel electrophoresis . J .  
Mol . BioI . 98 : 503-517 . 
12 6 
148 . Southren, A .  L. , G. G .  Gordon , J .  Vittek, and K. Altman . 
1977 . Effect of progestagens on androgen metabolism. pp . 
2 63-279 . In L. Martini and M. Motta (eds . ) , Androgens and 
Antiandrogens . Raven Press , New York . 
149 . stokes , N .  A. , and P. B .  Hylemon . 1985 . Characterization 
of 4-ene-3-ketosteroid-5p-reductase and 3P-hydroxysteroid 
dehydrogenase in cell extracts of Clostridium innQCUum. 
Biochim. Biophys . Acta 8 3 6 : 255-2 6 l .  
150 . Strickler , R.  C . , and B .  Tobias . 198 0 .  Estradiol 17P­
dehydrogenase and 2 0a-hydroxysteroid dehydrogenase from 
human placental cytosol : One enzyme with two activities? 
Steroids 3 6 :  24 3-252 . 
151 . Strickler , R. C . , B .  Tobias , and D .  F .  covey . 198 1 . 
Human placental 17p-estradiol dehydrogenase and 2 0a­
hydroxysteroid dehydrogenase : Two activities at a single 
enzyme active site . J. BioI . Chem. 256 : 3 16-32 1 .  
152 . Sweat , M .  L . , B .  I .  Grosser , D .  L .  Berliner , H .  E .  swim , 
c .  J .  Nabors , Jr. , and T .  F .  Dougherty . 1958 . The 
metabolism of cortisol and progesterone by cultured 
uterine fibroblasts , strain U12 -705 . Biochim.  Biophys . 
Acta 2 8 :  59 1-59 6 .  
153 . Switzer , R.  L .  198 2 . Glutamate mutase . pp . 289-305 . In 
D .  Dolphin (ed . ) ,  .e12 Vol . 2 ,  Biochemistry and medicine . 
John Wiley & Sons , New York. 
154 . Talalay , P . , M. M. Dobson , and D. F .  Tapley . 1952 . 
oxidative degradation of testosterone by adaptive enzymes . 
Nature (London) l1Q :  62 0-62 1 .  
155 . Tan , L .  and L. L .  Smith . 1968 . Microbial hydroxylation­
II-oxidative cleavage of the 17p-acetyl side chain of 
progesterone by Aspergillus ochraceus . Biochim . Biophys . 
Acta l22 : 758-769 . 
127 
156 . Taylor, R.  T .  1982 . B12-dependent methionine 
biosynthesis . pp . 3 07-355 . In D .  Dolphin ( ed . ) ,  �12 Vol . 
2 ,  Biochemistry and medicine . John Wiley & Sons , New 
York. 
157 . Taylor, W. 197 1 .  The excretion of steroid hormone 
metabolites in bile and feces . Vitam . Horm . 2 9 :  2 0 1-
285 . 
158 . Thomas , J .  L. , E .  Asibey-Berko and R. C .  Strickler. 198 6 .  
The affinity alkylators , lla-bromoacetoxyprogesterone and 
estrone 3-bromoacetate , modify a common histidyl residue 
in the active site of human placental 17p , 2 0a­
hydroxysteroid dehydrogenase . J .  Steroid Biochem . 1.2 :  
103-108 . 
159 . Thomas , J .  L. , M. C .  La Rochelle, E .  Asibey-Berko , and R .  
C .  strickler. 1985 . Reactivation of human placental 
17p , 2 0a-hydroxysteroid dehydrogenase affinity alkylated by 
estrone 3 -bromoacetate : Topographic studies with 16a­
bromoacetoxy estradiol 3-methyl ether . Biochemistry 2 4 : 
5361-53 67 . 
160 . Thomas , P .  Z . , E .  Forchielli ,  and R .  I .  Dorfman . 1960 . 
The reduction in vitro of 17a-hydroxypregnenolone ( 3P ,  
17a-dihydroxy-5-pregnen-2 0-one) by rabbit skeletal muscle . 
J .  Biol . Chem. � :  2797-2800 . 
161 . Thompson, E .  A. Jr. 1987 . Steroid regulation of rRNA 
synthesis . pp . 227-249 . In T .  C .  Spelsberg and R.  Kumar 
( eds . ) ,  steroid gOO sterol hormone action . Martinus 
Nij hoff Publ . ,  Boston . 
162 . Tobias , B . , D .  F .  Covey and R. C .  Strickler . 198 2 . 
Inactivation of human placental 17p-estradiol 
dehydrogenase and 2 0a-hydroxysteroid dehydrogenase with 
active site-directed 17p-propynyl-substituted progestin 
analogs . J. BioI . Chem . 257 : 2783-2786 . 
163 . Toraya , T .  and S .  Fukui . 1982 . Diol dehydrase . pp . 2 3 4 -
2 62 . I n  D.  Dolphin (ed . ) , �12 Vol . 2 ,  Biochemistry and 
medicine . John Wiley & Sons , New York. 
164 . Towbin , H . , T .  Staehelin, and J .  Gordon . 197 9 . 
Electrophoretic transfer of proteins from polyacrylamide 
gels to nitrocellulose sheets : Procedure and some 
applications . Proc . Natl . Acad . Sci . USA 76 : 4 3 5 0-4354 . 
165 . Van den Broek, H .  W .  J . , and C .  Veeger.  197 1 .  Pyridine­
nucleotide transhydrogenase . 5 .  Kinetic studies on 
transhydrogenase from Azotobacter vinelandii .  Eur. J .  
Biochem. 2 4 :  72-82 . 
166 . Van der Vusse , G .  J . , M. 1 .  Kalkman , and H .  J .  Van der 
Molen . 197 3 . Endogenous production of steroid by 
subcellular fractions from total rat testis and from 
isolated interstitial tissues and seminiferous tubules . 
Biochim . Biophys . Acta J.21 :  185-197 . 
167 . Viola , F . , O .  caputo , G .  Balliano , L. Delprino , and L .  
cattel . 1983 • S ide chain degradation and microbial 
reduction of different steroids by Aspergillus 
aureogulgens . J .  steroid Biochem. 19 : 1451-1458 . 
168 . Vischer, E .  and A. wettstein . 1953 . Mikrobiologische 
reaktionen : Seitenketten-abbau und dehydrierung bei 
steroiden . Experientia lX: 3 71-372 . 
169 . Wade , A .  P . , J .  D .  H. Slater, A .  E .  Kellie, and M .  E .  
Holliday. 1959 . Urinary excretion of 17-ketosteroids 
following rectal infusion of cortisol . J .  Clin . 
Endocrinol . Metab . li :  444-453 . 
170 . Walerych , W . , T .  Kato , and J .  Pawelkiewicz .  1968 . 
Enzymic synthesis of vitamin B12 . Biochem. Biophys . Res . 
Commun .  3 1 :  328-3 3 0 . 
128 
171 .  Walerych, W .  and E .  Pezacka . 1979 . Ribosomal proteins 
share in vitamin B12 biosynthesis . pp . 3 45-358 . In B .  
Zagalak and W .  Friedrich (eds . ) , Vitamin B12 . Proceedings 
of the third European symposium on vitamin B12 and 
intrinsic factor. Walter de Gruyter ,  New York. 
172 . Walsh , C. 1977 . Enzymatic reaction mechanisms . W .  H .  
Freeman and Co . , San Francisco . 
173 . Warburg , 0 . , and W. Christian . 1942 . Isolierung und 
kristallisation des garungsferments enolase . Biochem . Z . 
.1lQ :  3 84-421 . 
174 . Weinstein , Y .  1977 . 2 0a-hydroxysteroid dehydrogenase : A 
T lymphocyte-associated enzyme . J .  Immunol . 119 : 1223-
122 9 . 
175 . White , B .  A . , R , . L. Lipsky , R. J .  Fricke , and P .  B .  
Hylemon . 198 0 .  Bile acid induction specificity of 7a­
dehydroxylase activity in an intestinal Eubacterium 
species . Steroids 3 5 :  103-109 . 
176 . Wiest , W. G .  1959 . Conversion of progesterone to 4-
pregnen-2 0a-ol-3-one by rat ovarian tissue in � . J .  
BioI . Chem. 234 : 3 115-3 12 1 .  
177 . Wiest , W.  G .  1963 . In vitro metabolism o f  progesterone 
and 2 0a-hydroxy pregn-4-en-3-one by tissues of the female 
rat . Endocrinology 73 : 3 10-3 16 .  
178 . Wiest , W. G . , and R .  B .  wilcox. 1961 . Purification and 
properties of rat ovarian 2 0a-hydroxysteroid 
dehydrogenase . J .  Biol . Chem. 2 3 6 : 2425-242 8 . 
179 . Wiest , W. G .  1969 . Purification of ovarian 20a­
hydroxysteroid dehydrogenase . Meth . Enzymol . XV: 6 3 8 -
641 . 
180 . Wiest , W. G . , W .  K. Kidwell , and K. Balogh Jr . 1968 . 
Progesterone catabolism in the rat ovary : A regulatory 
mechanism for progestational potency during pregnancy . 
Endocrinology � :  844-859 . 
18 1 .  Winter, J . , A .  Cerone-McLernon , S .  O ' Rourke , L.  
Ponticorvo , and V .  D .  Bokkenheuser. 1982 . Formation of 
2 0P-dihydrosteroids by anaerobic bacteria . J .  steroid 
Biochem. 11: 661-667 . 
182 . Winter, J . , G .  N. Morris ,  S .  O ' Rourke-Locascio , V .  D .  
129 
Bokkenheuser, E. H .  Mosbach , B .  1. COhen, and P. B. 
Hylemon . 1984 . Mode of action of steroid desmolase and 
reductases synthesized by Clostridium "scindens" ( formerly 
Clostridium strain 19 ) . J .  Lipid Res . Z2 :  1124-113 1 .  
183 . Woods , D .  1984 . Oligonucleotide screening o f  cDNA 
libraries . Focus §: 1-2 . 
184 . Yanaihara , T .  and P .  Treen . 1972 . studies of the human 
testes . 1 .  Biosynthetic pathways for androgen formation 
in human testicular tissue in vitro . J. Clin . Endocrinol . 
Metab . 3 4 : 783-792 . 
185 . Yates , J . , N .  Deshpande , and A. S .  Goldman . 1975 . 
Inhibitors of human adrenal C17-2 01yase and C19-5-ene , 3P­
hydroxysteroid dehydrogenase . J. steroid Biochem . § :  
1325-13 27 . 
186 . Young , R. A . , and R .  W. Davis . 198 3 . Efficient isolation 
of genes by using antibody probes . Proc .  Natl . Acad . Sci . 
USA 8 0 :  1194-119 8 . 
187 . Zagalak, B . , and W. Friedrich ( eds . ) .  1979 . Vitamin 
� Proceedings of the third European symposium on 
vitamin B12 and intrinsic factor. Walter de Gruyter, New 
York. p .  vii i .  
VITA 
1 3 0  
